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ABSTRACT

OLD BARNYARD: A CROSS SECTION CODE FOR SCHOOL USE

Charles J4 Bridgman
Daniel P. Cannon
Ernest Park Sims
Robert H. Hausen

"OLD BARNYARD is a digital computbr code which calculates few group

fast and thermal neutron cross sections and constants. The first of

two sequential chains calculates the neutron flux needed to determine

the group cross sections. The code uses the moments method to find

the fast flux and solves the Wilkins equation numerically for the

thermal flux. The code is written in Fortran for a small computer,

the IBM 1620, and is intended for use by students and professors in

support of classroom assignments.
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M.any -r-Cfg~eSS~r -. f riiPIPA a,. naiytni na. mvgplf F nr 1 ,dpa t~ach

YpaAvt physinq nr ,,eutron physics as a pioblem oriented course. Suc: U
proble-ms generally require, as input, group cross sections and cross

section related constan':s such as the diffusion coefficient or neutron

age. However, these problems, unljke their ccunterparts in the real

4orld, usually involve only one or a few energy groups. This few

group distinction has always made the acquisition of group cross sec-

tions a particularily frustrating experience. One borrows on experi-

- ntal value from here, a calculated value from there, and combines

them with some fast cross sections collapsed by hand from a many group

set (which inevitably doesn't contain all the elements of interest.)

Although sophisticated methods are always available, data for one

problem of a 1.0 problem assignment rarely warrants the effort to

obtain them; nor does the accuracy required in a schcol problem war-

rant theiv sophistication.

The code described in this report is an attempt to provide

reasonably good cross sections from a single, easily used, and uz,-

sophisticated (therefcre inexpensive) source. The code is written in

a version of the Fortran language, the Kingston Version of Fortran II

(Kindstran.) Kingstran has not received wide publicity and, I find,

is in limited use at other schools. However the language ziay be trans-

lated to Fortran IV with only very minor modifications. The AFIT ver-

sion has been compiled for the IBM 1620, a digital computer, installed

ub 146 (55%) of the 268 schools listed in the 1964 Oak Ridge Institute

of Nuclear Studies report, EDUCATIONAL PROGRAMS AND FACILITIES IN

viii
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NUCLEAR SCIENCE AND ENGINEERING.

The AFIT 1620 has a 40K memory, card input-outpu,. , f-.+g di-

3 vide, indirect address and the usual additional inst.,,,,'tions (TMS. TNT,

MF.) Our object decks should execute without change on any similar

machine. It is our present plan to honor requests for copies of our

source or object decks directly. Please eend such requests to me at

the address below.

Robert H. Hansen carried out the moments reduction study as his

M.S. thesis. Ernest Park Sims added the thermal portion of the code

in conjunction with his M.S. thesis research, and put the code in

its preliminary form. Daniel P. Cannon made the final revisions and

thoroughly checked the code out. In addition he provided the bulk of

this revised document. This effort was his M.S. thesis. In addition

to project direction, I provided the theory chapter.

This report is a revision of an interim report which was publi-

shed as AFIT TR 66-6 (May 1966.) This revision contains extensive

code changes as well as increased documentation.

Finally I feel compelled to make some comment about the name OLD

BARNYARD. it was originally coined by Capt. Sims as a joke; however,

I find it is a name which the student remembers and more importantly

associates with cross sections and age. 1 have yet to have a student

ask "What was the name of that code which generates cross sections?"

Charles J. Bridgman
Associate Professor of Nuclear Engineering
Department of Physics
Air Force Institute of Technology
Wright-Patterson AFB, Ohio - 45433
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OLD BARNYARD

A CROSS SECTION CODE FOR SCHOOL USE

- I. Introduction

Many nuclear engineering instructors regard the assignment and

completion of realistic problems as vital to student learning. How-

ever, instructors who assign their students such problems are continu-

ally faced with the problem of providing group neutron cross sections

and cross sec .on related constants such as the diffusion coefficient

and age. The alternative to providing such data is to .equire each

student to find or calculate his own values. This alternative is un-

satisfactory for bo h the student and the instructor. For the stu-

Sdent, except for the first few times, finding or calculating group

crloss section is repetitious, time consuming, and of little educa-

tional value. For the instructor this practice is guaranteed to

produce a considerable variation in final answers to evaluate.

An instructor usually can assume a Maxwell-Boltzmann distribu-

"tion to determine thermal group constants or he can use experimental

values, as available. rpithermal and fast group values are more

difficult to obtain however, especially since only a few broad groups

are desired for learning purposes. Computer codes are currently

,vailable, such as GAM (Ref 13), to provide fast cross sections, but

they usually require large, fast and expensive computers not always

available. Even when such codes are locally available, they usually

employ sophisticated methods which are sketchily documented. Such

a situation is acceptable when the codes are used by professionals

but quite unacceptable whtn the codes are used by students.

- 1
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As a result the instructor ends up borrowing some epithermal and

fast group values from some few group published sets such as those in

ANL 5800 (Ref 1.) However, these may not include all the elements of

interest, and the group energy boundaries are not flexible.

Statement of the Problem

A need exists for a few-group neutron cross section code for

school use in support of reactor criticality and neutron transport

problems which meets the following criteria: ca'.culates cross sections

and related constants to a fair degree of accuracy (say 10%), uses

methods with which a student can be expected to be familiar, is

throughly documented, and can be used on small (as well as large)

digital computers.

Purpose and Method

The purpose of this study is to produce such a code. The com-

puter code described in this report calculates both fast and thermal

cross sections and related constants such as age and diffusion length.

It is written in Fortran and has been executed on an IBM 1620 computer

where it requires about 15 minutes for completion. The cross sections

are found by calculating the energy dependent flux in an infinite

homogeneous mixture of the isotopes or compounds specified. The in-

put cross section data is obtained from eleven group libraries of fast

cross sections plus 2200 meter per second thermal values. The energy

dependent flux is calculated by the neutron transport, moments method,

for above thermal energies and by a Wilkins equation calculation for

thermal energies.

2
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The eleven group input was selected as a compromise between

accuracy and amount of calculation after a systematic reduction in f
the number of fine groups (Ref 8.) The above thermal calculations

were further simplifiec by computing resonance absorption with a

resonance integral taken from the formulas given by Murray (Ref 16:63)

and Isbin (Re, 11:459.) The Wilkins spectra is normalized to the

moments spectra at 1.125 ev.

The code itself is described in Chapter II, The Code. This is

followed by a chapter on operating instructions and information on

preparing input. Thirteen sample problems are given in Chapter IV.

The final chapter attempts to trace the theory of both epitherinal and

thermal calculations in textbook fashion.

3
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II. The Code

• ,•. • r•=. ~TT, =11-Acele "Kingstran" D€ ^•1 <~-y*,F ~ Tc.*~V,** .e ~ (Ref 6). The code

consists of two chains which must be run sequentially. The first

chain computes the energy dependent flux, both fast and thermal. This

first chain also computes neutron age, resonance parameters, and the

thermal constants. The output of this chain consists of the group

flux, expressed as flux per unit lethargy, for 11 epithermal groups

plus 12 thermal values at half lethargy intervals. The flux is nor-

malized to a maximum value of 100. The neutron age is also computed

both to the Indium resonance and to 1.125 ev (which is taken here as

the arbitrary thermal region upper boundary). Should a resonance

calculation be performed the scattering per absorber atom, and effec-

tive resonance integral are also calculated.

The thermal flux values are computed only if there is moderator in

the system. If a thermal ca±culation is performed, in addition to the

output above, the code computes the thermal diffusion length squared,

the migration area, the most probable and average thermal neutron ve-

locities, and the absorption parameter of the system. Chain one also

includes, as an option, a plot of the flux as a function of lethargy

over the entire range of interest.

The second chain collapses the cross sections to the desired

group structure using the fluxes calculated in chain one. The

operator may choose between microscopic and macroscopic cross sections

for chain two output. A listing of the source decks is contained in



ApperAdices B and D. The source decks shown there have been executed

on an IBM 1620 with 40 K memory, card input-output, floating divide,

indirect addressing and the usual additional instructions (TNS, TNF,

MF).

As a convenience to the reader, the more important quanities cal-

culated by the code are listed in figure 1 along with the appropriate

equation numbers from Chapter V of this report. Figure 1 also lists

page number referenzes in three popular texts for the same quantities.

The texts are by Glasstone and Edlund (Ref 7), Isbin (Ref 11), and

Murray (Ref 16).

Quanity to be -Equation Number in Textbook Reference
Calculated Chapter V Murra Isbin G & E

I. Fast flux and age 66, 67, 68 60 181

2. Resonance Integral 71 thru 74 459 253

3. Resonance escape
probability 75 63 454 253

4. Thermal utilization 78, 79 87 507 264

5. Absorption para- 82
meter

6. Thermal flux 101, 103, 105

7. Most probable thermal
neutron velocity 109 47 38

8. Thermal diffusion

length squared 118 66 236 116

9. Migration area 122 255 216

10. Collapsed broad
group cross sections

Figure 1

Summary of Important Quanities Calculated

5
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The input to chain I consists of a cross section library ("fine"

groups) of 1 fast groups and the 2200 m/sec thermal cross section. lu
Related thermal constants are included such as the average logar'imethic

energy decrement &, the absorption parameter at T = 293 deg Kelvin, and

the quanity (l-p) vhere V = 2/3A. There are two cross section ii-

braries provided with the code. The thermal values in these libra-ries

were obtained from ANL 5800 (Ref 1) and BNL 325 and the supplements to

it (Ref 9). The eleven fast group cross sections were generated bV the

General Atonics 68 group moments code, GAM-l (Ref 13). Therefore, the

eleven group cross sections, used as input, are already flux averaged

cross sections. As such, they are a function of the material composi-

tion used to generate them. Thus the two cross section libraries pro-

vided represent flux weighting over both a thermal and a fast reactor

core composition. The Air Force Nuclear Engineering Test Facility

(NETF) core, an MTR type reactor, was selected as the thermal standard;

and the Godiva core, a bare unmoderated system, was selected as the

fast reactor standard for input to GA14-l. The "thermal" lihrar-,' of 11

fast groups was generated by GAM working with the NETF core plus a

trace of the nuclide to be considered. The calculation was repeated

using each nuclide in the library as the trace nuclide. The "fast"

library was generated in the same way except that the Godiva core was

used in place of the NETF core. The "thermal" library is intended for

use with thermal reactor pro5lems; the fast library is used with fast

reactor problems. The libraries include inelastic (n,n*) and (n-2n)

cross sections and these effects are included in the moments methods

calculations. The libraries also include fission cross sections for

use in chain two. The user may elect to generate his own library

6



using some other material composition. The only restriction is that

the 11 fine group boundaries are the same and the data order is that U
shown in Figure 2.

The libraries provided with the code currently include the

following nuclides:

1. Hydrogen 13. Nickel

2. Deuterium 14. Copper

3. Beryllium 15. Zirconium

4. Boron 16. Molybdenum

5. Carbon 17. Thorium-232

6. Oxygen 18. Uranium-235

7. Nitrogen 19. Uranium-238

8. Aluminum 20. Plutonium-239

9. Magnesium 21. Fission Products
(of Uranium-235)

10. Chromium

22. Xenon-135
11. Manganrse

23. Samarium-149
12. Iron

The fission products entries includes all product nuclides of

thermal Uranium-235 fission except Xenon-135 and Samarium-149. These

two nuclides are included directly in the libraries.

7
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Figure 2z Uranium-f38 Cross Sections, Thermal Library

Figure 2 shows the U-238 cross sections from the "thermal" library.

The entries are explained below as coded in the Figure.

a) Library and nuclide identification (Thermal library, U-238).

Columns 1 thru 20

b) Number of fast cross sections below which begins on the

second line. Does not include the vaf entries for fission-

able nuclides.

c) Epithermal-fast absorption code. o = No fast absorption

cross sections provided (assumed negligible); 1 = Fast

absorption cross sections provided

d) Type of inelastic scatter: 1 inelastic; 2 (n,2n);

3 both; 4 neither

*1



e) Thermal average logarithmic energy decrement,

f) Thermal microscopic absorption cross section, aa

g) Thermal absorption parameter, A.
h) Thermal microscopic scattering cross section, a 31n barns

i) Thermal (1--) where P = 2/3A

j) Thermal value of the product of the number of neutrons per

fission and the microscopic fission cross section, vof

k) Epithermal-fast fission code: 0 = no; 1 = yes

1) Microscopic, fast, absorption cross sections: a1, a2,...o 11

a a a

barns

m) Number of groups from which neutrons inelastically scatter

n) Number of groups to which neutrons inelastically scatter

o) Microscopic, fast, inelastic cross sections in the following

order:

in in ino ;a ; ... 0
1-1 1-2 1-9

in in in
a ; ; a...o
2-2 2-3 2-10

in in in
o ;7 ;a 7-8 7-th

in in in
8-8 8-9 8-th

p) Number of groups in which (n,2n) occurs

q) Number of groups to which (n,2n) scatter occurs

r) Microscopic, fast, (n-2n) cross sections in the same order

as inelastic

s) Number of groups from which neutrons elastically scatter

t) Number of groups to which neutrons elastically scatter

9
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u) Microscopic Po and PI elastic scatter cross sections in the

following order (See the note below):

Po PI Po Pi
a ; a ; a ; a
1-1 1-1 1-2 1-2

Po PI Po P1o2_ ;ci ; 2 ; o
2-2 2-2 2-3 2-3

Po P1 Po Pio ; O ; l ;c
a 11 -11 1 I a- I -th ;ai l-th

NOTE: fhe microscopic Po elastic scatter cross section is

the all ingle elastic scatter cross section a . The micro-

scopic P1 elastic scatter cross section is the product of 1i

times a where u is the average cosine of the scattering
s

angle. GAM-i outputs the value 3aPI and this "s the value

used in the cross section library. Therefore, in the code

all aPI are aivided by 3.

v) Microsccpic, fast, vof in the order vul, vo0, ... voai

iw) Grid background card for the spectrum printout.

NC-.: The grid card is considered part of the library for

each nuclide.

Since flux weighting cross sections involves division by the

group flux, the problem of division by near zero quantities in the

lcwer energy groups of fast reactor systems might occur. To prevent

any problem the code scans the fast fluxes for a minimum value of 10-12

A message is typed giving the group number of the first fine group in

10
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which the neutron flux Iz less than the minimum value. If the tot:l&

flux in a broad group (the sum of all fine group fluxes in a given

broad group) is ieb than the minimum, there is no output for that

I'• bhrad group.

Shculd the user desire cross sections of "thermal" type materials,

such as carbon or hydrogen, in the presence of a fast flux spectrum, he

can obtain these simply by substituting the cross section library of

the "thermal" nuclide when executing chain two.

The special set of Kingstran subroutines* provided with the code

must be used to permit the chain operation.

*At AFIT, if new object decks are produced (from the source decks)
using the Kingstran compiler, seven (7) Kingstran trailer cards must be
added to the back of the chain one and chain two object decks produced.
This is necessary to use the special set oi subroutines.

11 :



III. Operating Instructions: IBM 1620

input data for chain one and chain two are prepared according to

5instructions contained in the next two sections respectively. To

execute the code follow the operating instructions below:

1. Set all console switches to PROGRAM e'<cept the Parity switch is

set to STOP.

2. Place the special Old Barnyard short subroutines in the read

hopper. Press RESET and LOAD.

3. When the last card of the subroutines is reached, the console

READER NO FEED light will illuminate steadily. Press READER START

and read in last card.

4. Remove the subroutines from the out hopper. Place the Old Barn-

yard chain one object deck in the reader hopper. Place the data cards

for chain one on top of the chain one object deck. Press LOAD and

PUNCH START.

5. Chain one program will run automatically. When the last data card

enters the reader, the console READER NO FEED light will illuminate

steadily. Press READER START to read in last card.

6. The console typewriter will indicate the beginning of each section

of the code. After all calculations to be executed are complete, the

typewriter will type "SET SWITCH 1 ON FOR SPECTRUM PRINTOUT. PRESS

* START." If a plot of the neucron spectrum is desired, set switch 1 ON

and press START. If no spectrum plot is desired, set switch 1 OFF and

press START.

12



7. At the end of chain one the typewriter will type "END OF CHAIN 1.

TO COLLAPSE CROSS SECTIONS LOAD CHAIN 2." If no cross sections are

desired, the program is finished. Remove chain one ard data cards and,

Ui:f no czuo sections are desired the chain one output cards, from the

out hoppers.

8. If cross sections are desired, place Old Barnyard Chain 2 object

deck in the read hopper. Place data cards for chain two on top of it.

Press RESET and LOAD. Chain two will run automatically. After the

first data card is read in a typewritten message summarizes the group

structure requested. When the last card enters the reader the console

READER NO FEED light will illuminate steadily. Press READER START to

reac in the last card. Remove chain two and data cards from the out

hopper.

9. When chain two is complete the typewriter will type "END OF PRO-

GRAM". Remove output cards from the output hopper. It is not

necessary to press NON-PROCESS RUN OUT.

10. List output answer cards on the 407 lister. Put switch number 4

on the right side of the 407 UP. This causes automatic advance of a

new sheet of paper for each section of output answers. If the paper

advances at unwanted times (as it sometimes does) put switch 4 DOWN.

The best plan is to put switch 4 UP for chain one output, DOWN for

chain two outputs.

11. To run a second problem go back to step (1) and repeat. NOTE:

if anything should go wron, during a run (such as an erroneous data

card, or an I/O error, or a SKIP CHECK), the particular chain in use

may be restai-ted by the following procedure:

13



I) Press STOP.

2) Remove remaining data cards, if any, from the read hopper.

3) Cl C" th rCadCr Of an~y internal ddt~a Cdrds by pressing U
NON-PROC('Pq RIm mirr

4) Replace corrected data cards in the read bopper.

5) Press RESET and INSERT.

6) Type on the console typewriter the numbers 4900936.

7) "ress RESET and START or punch the R-S key on the typewriter.

8) Press READER START to read in data cards.

9) Program will run.

Preparation of InDut Data, Chain One

The following data cards are required to operate chain one. Input

data may be punched in any format. If the E format is used for date.,

no blank spaces are permitted between the last digit of the mantissa

and the E of the exponent, but blanks are permitted between the E and

the exponent. If the exponent is positive the plus sign is optional.

Individual numbers on a card must be separated by one or more blank

spaces; commas are not allowed. Examples of correct and incorrect

methods are shown below.

Correct Incorrect

1 1.5 1,1.5 or 1, 1.5

1.67E+01 1.67 E+0l

1.67E 01.

Card No. 1:

This card contains up to 65 columns of alphameric data of the

User's choosing. Identification, problem title, date. etc., are

14
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possible information to be placed on this card. The data on this card

will be typed out on the console typewriter and will be punched at the

head of the output datd.

EXAMPLE: AFIT Subcritical Core. 5 April 67 Mackrill

Card No. 2:

This card has six (6) numbers as follows;

a) A number between two (2) and twenty-one (21) indicating the

source of neutrons the user wants to use. The meanfng of the numbers

is shown below:

Number Source

2 U2 3 5 fission (Cranberg Spectrur|)

3 U2 3 3 fission

LI Pu 2 3 9

5 Pu241

6 cf 2 5 2

7 Pu-Be (Whitmore-Baker)

8 Pu-Be (Cochrane--Henry)

9 Ra-Be (Hill)

10 The user's own source (see Card No. 4)

11-21 A unit source in group 1-11 respectively

EXAMPLE: 15 A unit source in group 5.

b) A number giving the number of nuclides to be used in the

problem

15
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I•
EXAMPLE: 2 for Water (H and 0)

2 for BeO (Be and 0)

2 for C2 46 (C and H)

3 or an %.i2 u 3 -- ,2 t mixture Oki, 0, and H)

1 for pure :arbc:i.

c) A number giving the total nuclei density for the problem in

atoms times 10-24 per cm3. (atoms per barn-cm)

EXAMPLE: For Carbon 0.08025

For Water (H 20) 0.1005

d) A number giving the temperature of the system in degrees

Kelvin.

e) A number indicating whether or not a resonance escape calcu-

lation should be performed; as below:

0 NO

1 YES

f) A number indicating whether or not the mixture is considere.-d

homogeneous or heterogeneous; as below:

0 = homogeneous

1 = heterogeneous

Card No. 3:

This "card" is a small deck of cards containing the neutron

source data for the program. It is included as part of the input

library and normally requires no preparation on the part of the user.

The source deck must always be included even when the user desires to

read in his own source spectrum. A listing of the sources is shown in

Appendix E.

16



Card No. 4:

This card is required only if the first number on card no. 2 is

10; i.e., only if the user wants to read in and use his own source.

This card contains eleven numbers representing the fraction of the

source in each of the eleven epithermal-fast groups.

Card No. 5:

This card is included only if the fifth number on card no. 2 is

1; i.e., if a resonance escape calculation is to be performed. This

card contains three (3) numbers as follows:

a) A number indicating whether the resonance nuclide is U2 38 ,

Th232 or W (Tungsten) as shown below:

1 U or W

2 Th

b) A number giving the nuclei density of the resonance nuclide(s)

in atoms per barn-cm.

c) A number indicating whether the effective resonance integral

is being supplied by the user, or whether it is to be calculated by the

program:

0 = to be calculated

non-zero = value of RIeff to be used

Card No. 6:

This card is included only if the sixth number on card no. 2 is

1; i.e., only if the mixture is considered heterogeneous. This card

contains two (2) numbers giving the "I" and "E" factors, in that order,

for calculating the effect of heterogeneous cell structure on thermal

17
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utilization. (See the section on thermal utilization for the equations

used to calculate the "F" and "E" factors).

Cards number 7 and 8 are required for each nuclide in the sequence

7, 8, 7, 8. ......

Card No. 7:

This card contains six numbers as follows:

a) Twenty (20) columns of alphameric identification to identify
th

the n nuclide of the problem. This is optional, for the user's use

only, and may be left blank (the next number must always start after

column 20 however).

th
b) A number giving the nuclei density of the n nuclide in the

problem in atoms per barn-cm.

c) A number indicating whether the nuclei is a moderator, fuel,

or other as below:

I = moderator

2 = fuel

3 = other

d) A number indicating whether microscopic or macroscopic cross

sections are to be output for this nth nuclide. A number is always

required here even if cross section averaging is not to be performed

(chain two of the program). The number should be:

1 = microscopic

2 = macroscopic

e) A number indicating if this Is a resonant nuclide (U2 3 8 ,

Th 2 3 2 or W). The number should be:

0 NO

1 = YES

18



Card No. 8:

This "card" is a deck of cards containing the eleven (11) group

plus thermal cross sections of the n nuclide. This deck is selected

fron; one of the two program libraries provided, and requires no prepa-

ration on the part of the user. The thermal library is for use with

thermal reactor problems, and the fast library is for use with fast

reactor problems. The Uranium-238 cross section deck from the thermal

library is shown in Figure 2. The grid background card (the last card

of each cross section deck) must be included for each nuclide.

Figure 3 shows the arrangement of the entire input deck for chain

one. The following are some notes on chain one data:

a) The total nuclei density on the first card should be the sum

of the individual nuclide densities on the separate card no. 7's.

b) The nuclei density of the resonance nuclide on card no. 3

should agree with that on card no 7 for the resonance absorber.

Preparation of Input Data, Chain Two

Chain two of the program requires the preparation of only one

additional card. This card has up to twelve (12) numbers. The first

is the number of epithermal-fast broad groups for which cross sections

are to be calculated. The remaining numbers are the numbers of the

lowest fine group in each of the selected broad groups. The last

number on this card is eleven (11) indicating that the last epithermal-

fast broad group extends down to .414 ev. Thus if the first number is

five there will be five more numbers on the card. If the first number

is eleven, there will be eleven more numbers on the card.

19
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EXAMPLES:

2 6 11

11 1 2 3 4 5 6 7 8 9 10 11

This additional card is the first input data card for chain two.

It is followed by the collection of cards 7 and 8 from chain one as

shown in Figure 4.

-Same for nuc~iae #3

Same for nuclide #2

7 Nuc.den. and cross
sect.,nuclide#l

Heterogeneous cell

2factors (optional)

._esonance data (optional)

Users own source (optional)

S- ource deck(supplied)

Source number, no. of nuciidestotal nuclei density,
T, type. media

Probiem ID, title, users name, date, etc.

Figure 3: Chain One Input

20
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7Same for nuclide # 3

,,,AW • Same for nuclide #2 -

Nuclide card and library deck,
nuclide #1

Collapsing Card

Pigure 4: Chain Two Input

21
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mI IV. Sample Problems

I

In the preceeding chapter, instructions were given showing how to

Sprcparc input for the 'utlU ýinud how to run tne co'e using the IBM I6290

_e t -a ........... This chaptey- is duvoted to exhibiting "OLD BAARNYARD"r|

output for selected problems. Further explanation of some of the prob-

leirs is given below. The following is a list of the sample problems

included in this chapter:

(1) Pure Carbon

a) 1 fast group, T = 293 deg. Y-lvin

b) 2 fast groups, T 293 deg Kelvin

c) i fast group, T = 1273 deg. Kelvin

(2) Water

a) 1 fast group

b) 1 fast groups

(3) Pure Uranium-233

a) I fast group

b) 3 fast groups

(4) Air Force Nuclear Engineering Test Facility (NETF) core

a) 1 fast group

b) 2 fast groups

(5) Air Force Institute of Technology (AFIT) Subcritical

core

a) 1 fast gr-up.

b) 2 4art groups

(6) Romaska Core

22



a f g

a) 1 fast group

b) 3 fast groups.

The first two problems listed above ai'e se)f explanatory. Prob- I
lem three, pure Uranium-235 is shown in figures 10 and i1 for one and

three fast groups respectively. This is, of course, a fast system

with at, moderator present. The reader will note that in this case

thermal calculations are not performed, as was explained earlier ir.

Chapter II. Therefore, only ten epithermil group fluxes are output

plus the age to the Indium i'esonance in chain one. Also, the flux

plot is terminated at lethargy 16 in this case.

The Air Force Nuclear Engineering lest Facility (NETF) is a ten

megawatt, approximately 90% enriched, unpressurized. thermal research

reactor. The core has a rectangular parallelepiped arrangement of MTR

flat-plate type fuel elements, cooled and moderated by light water.

The Air Force Institute of Technology (AFIT) subcritical reactor

is a i.atural uranium reactor with cylindrical, aluminum encased, fuel

elements arranged in a cylindrical pattern. The core is moderated

with light water.

Finally, the Romaska reactor is a Russian direct energy converter

reactor with a UC2 , C core. The Romaska core has a Carbon-Uranium

atom ratio of approximately 6 to 1. Thus, the Romaska core is a fast

reactor system. Output for this core is shown in figures 16 and 17

for one and three fast groups respectively. Since there is some mod-

erator in the system, thermal calculations are performed even though

the thermal flux is very low.

23
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JOB OLD BARNYARD, CHAIN I

J CARBON 1 FAST GROUP 21 FEB, 1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUm 0.

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

CARBON 1.00000000

RELATIVE GRO'JP
GROUP LETHARGY ENERGY, EV SOURCE FLUX, /UNIT U

1 .50 6*0653E+06 2,3023E-02 5-3003E-02
2 1.00 3*6788E+06 1.0824E-01 2.8939E-01
3 1.50 2.2313E4-06 210O44E-01 7.6130E-01
4 2.00 193534E+06 2.3139E-01 1.3565E+00
5 2.50 8*2085[+05 1.8048E-01 1.3975E+0O
6 3.00 4*9787E+05 il.±483F-07 1.4450E+00O
7 5.00 (6.737)E+04 1.2439E-01 1.3667E+00
8 8.00 393546E+03 7 .2094E-03 1.1381E+00
9 12.00 601442E~-01- .OrOOOE+00 1.0195E+00

10 16.00 1*1254E4-00 .OOOOE+00 1.045&~E+00
11 17.00 4*1399E-01 90000E+00 i.1516E+00
12 17.50 2*5110E-01 .OOOOE+00 2.1834E+00
13 18.00 195230E-01 *OOOOE+00 1.7762E+01
14 18.50 9*2374E-02 .OOOOE+00 6.5 395E+0I
15 19.00 5*6028E-02 .OOOOE+00 1.0000OE402
16 19.50 3o3983E-02 tOOOOE+00 8.7568E+01

17 20.00 2*0612E-02 *OOOOE+00 5.4531E+01

18 20.50 1*250?E-02 .0000E+00 2.7603E+01
19 21.00 7*5826E-03 .OOO0E+00 1-2321E+01
20 21.50 4*5991E-03 *OOOOE-'00 5.0958E+00
21 22.00 2.7895E-03 .OOOOE+00 2*0123E+00
22 22.50 1*6919E-03 .OOOOE+00 7.7271E-01
23 23.00 la0262E-03 .OOOOE+00 2.9172E-01

AGE TO IN)1UM RESONAN4CE (1.46EV) 15 3.2282E+02 CM2
AGE TO ARBITRARY THERMAL (1.12EV) IS 3.2706E+02 Cm2
THERMAL DIFFUSION LENGTH SQUARED IS 3.0762E+03 CM2
TOTAL MIGRATION AREA IS 3*4032E+03 CM2
MOST PROEABLE THERMAL NEUTRON VELOCITY IS 2.5493E+03 -M/SEC
AVERAGE THERMAL NEUTRON VELOCITY IS 2.5200E+03 H/SEC
A8SORPTPNX PARAMETER IS 2s4099E-02

Figure 5a: Carbon, 1 Past Group, O}aain 1I
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JOB nL) nARNYARD CIIAIN 2Z

THE TOTAL NUMBER OF B•ROAD GROUPS IS 2

OUTPUT WILt BE FOR 2 BROAD GROUPS
THE 90UNOAR( FINE GROhJc ARE 11 12

Nt-CLIDE IS CAON

ITS NI'MBFR DFNSTT' !S 8.C'23,E-02 PtR BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTFR ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pi) TRANSFER

1 1 00068 .00000 4.21159 .28014 4.21227
1 2 .00000 .00000 .04126 -. 01204 .04126
2 2 .00000 .00000 4.80000 .26688 4.8000S

GROUP SIGTR SIGR SIr-A NUSIGF SOURCE
1 3.9F343 .04126 *00000 .00000 1.00000
2 4.53661 .0C349 .00$49 -00000

MAXWELL-BOLrZMAN FACTOR = 1.128, AVERAGE X = 1.1468881F+00

Figure 5c: Carbon, 1 Fast Group, Chain 2
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JOB OLD PAPNYARD, CHAIN 1

CAPRON 2 FASýT SROUPIP 21 FEB. 1967

THF C:OtRCF USEFD ISý (235 FISSION ICRAINBERG cPFCTRiM).

SYSTEM TEMlPERATURE 15 293.0 KELVIN

ATOM FRACrIO1'ý ARE

CARBON 1.o00000000

RELATIVE GROUP
rGROUP LETHARGY ENERGY, EV SOURCE FLUX, /UNIT U

1 .5C 6.0653E+06 2.3023E-02 503003E-02
2 1.03 3*6788E+06 1.0824E-o1 2.8 9 39 c-01
3 1.50 2.2313E+06 2.1044E-01 7.6130 01
4 2.00 1.3534E+06 2.3139E-01 1.3565E+00
5 2.50 8.2085E+05 1.ts04dE-oi 1.3915E+OC0
6 3.00 499787E4-05 1.1483E-01 1.4450E+00
7 5.00 6.7379E+04 1.2439E-01 1.3667E+00
8 8.00 3.3546E+03 7.2094E-03 1.138!E+00
9 12.00 6v1442E+0l .OoO0AL-~0o 1.0195-E+OO^

10 16.00 1.1254E+00 .OOOOE+OO 1.0454E+00
11 17.00 4.1399E-01 oOOOOE+0O 1.1516E+00
12 17.50 2*51I0E-01 *OOOOE+0O 2.1834E+0C
13 i8.00 1-5230E-01 .0000E;-00 1.7762E+01
14 18.50 9,2374E-02 .0000E+00 6-5395E+01
15 19.00 5*6028E-04' *OOOOE+OO 1.OO0OE+02
16 19.050 3.3983E-02 .0000E+00 8.7568E+01
17 20.00 2.0612E-02 .OOOOE+00 5.4531EiO-1
18 20.50 1*2502E-02 .OOOEýOEoO 2-71603E+01
19 21.00 7.5826E-03 *OOOOE+00 1.2321E+01
20 21.50 4.5991E-03 .OOOOE+00 5.0958E+00
21 22.00 297895E-03 *OOOOE+00 2*0123E*OO
22 ~ 2250 lo6919E-03 .OOOOE+0O 7.7271E-0i
23 23.00 1.0262E-03 .OO0OE+00 209172E-01

AGE TO INDIUM RESONANCE (1.46EV) IS 3#2232E+02 CM2
AGE TO ARBITRARY THERMAL (1.12Ev) IS 3.2706E+02 CM2
THERMAL DIFFUSION LENGTH SQUARED IS 3.0762E+03 CM2
TOTAL MIGRATION AREA IS 3.4032E+03 CM2
MOST PRCSABLE THERMAL NEUTRON VELOCITY IS 2.5493E+03 M/SEC
AVERAGE THERMAL NEUTRON VELOCITy IS 2.5200E+03 M/SEC
ASSORPTION PARAMETER IS 2*4099E-02

Figure 6a: Carbon, 2 Fast Groups, Chain I3
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JOB OLD) BARNYARLD CHAIN 2Z

THF TOTAI- N'JPFER OF teROAO GROI)PS IS 3I
oI (I wTDIIT !llI PC ;7OP I aO ^hrl I

THr BOUNDARv =INE GROilPS ARE 6 11 12

NUCLIDE IS CARBON

ITS NUMBER DENSITY IS 8.0230E-02 PER BARN-CM

MICROcCOPIC CROSS CFCTIONS. IN BARNS- FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC. N-2N (PO) (Pl) TRANSFER

1 1 -10403 .00000 2.14892 .32287 2.15295
1 2 .30061 000000 .24404 -. 06270 .24465
1 3 '00000 .00000 ,00000 .00000 .00000
2 2 .00000 .00000 4.52366 .28357 4.52366
2 3 .00000 .00000 .04834 -. 01410 .04834
3 3 ,00000 .00000 4 #80000 .26688 4.80000

GROUP SIGTý SIGR SIGA NUSIGF SOURCE
1 2.13743 .24465 .00000 .00000 .86840
2 4.33254 .04834 000000 .00000 o13160
3 4.53661 *0034q .00349 .00000

MAXWELL-BOLTZPN FACTOR = 1.128, AVERAGE X = 1.1468881E+00

Figure 6c: Carbon, 2 Past Groups, Chain 2 1
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JO9 OLe) BARNYW'ARP. CHAIN 1 

-

CARPBON AT I "r)'! II c(\•A[t o T AST RAutjP

T14F '•-OI*trC U)% I- 11235 FTCCION (rRANPFl SP' CrRu ).

SYSTCM TEMPERATURE IS 127 1.0 KLLVIN

AT') FRACTIONS ARE

CARRON 1.00000000

RELATIVE GROUP

IcROoJO LETHARGY ENERGY, EV SOURCE FLUX, /UNIT U

1 .50 6.0653E+06 2.3023E-02 6.6410E-02
2 1.OC 3.6788E+06 1.0824E-01 3.6259E-01
3 1.50 2.2313E+o6 2.1044E-o0 9.5386E-01
4 2.00 1.3534E+06 2.31"9E-01 1.6996E+00
5 2.50 8.2085E+o5 1.0.88E-c 1.7509E+00
6 3.00 4.9787E+05 I.1483E-C, I.8105E+OC

5.00 6.737 .iE+04 1.243qE-02 1.7124E+00
8 8.00 3.3546E+03 7.2094F-03 1.4260E+00
9 12.00 6.1442E-01 .0000'E+00 1.2773E+00

10 16.00 1.1254E+00 .O0OOE+O0 1.3098E+C0
11 17.00 4.1399E-01 .OOOOE+00 6.1758E401
12 17.50 2.51IOE-01 .O0OOE+O0 9.9540E+01
13 18.00 1.5230)E-01 OO0E+O0 8.9865E-0l
14 18.50 9.2374E-02 .0000E-00 5,6999E-01
15 19.00 5*6028E-02 .OOOOE+00 2.9177,f+01

16 19.50 3.3983E-02 .O000E+O0 i.3114E+01
17 20.00 2.0612E-02 .O000E+O0 5.4468E+00
18 20.50 1.2502E-02 oOOOOE+O0 2.1567E-00-C
19 21.00 7.5826E-03 .O000E+O0 8.2955E-01
20 21.50 4.5991E-03 .OOOOE+00 3.1352C-01
21 22(00 2.7695E--03 .O000E+O0 1.1724E-01 L
22 22.50 1.6919E-03 .O000E+00 4.3556E-02
23 23.00 i.0262E-03 .O000EaOo 1.6119E-02

AGE TO 193IUM RESONANCE (1.46EV) IS 3.2476E+02 CM2
AGE TO ARBITRARY THERMAL (1.12EV) IS 3.2902E+02 CM2
THERMAL )IFFUSION LENGTH SQUARED IS 6,3847E+03 CM2
TOTAL MIGRATION AREA IS (.7137E+03 CM2MOST PROBABLE THERMAL NEUTRON VELOCITY IS 5,3968E*03 M/SEC

AVERAGE THERMAL NEUTRON VELOCITY IS 5.1951E,03 M/SEC
ABSORPTION PARAMETER IS 1.1561E-02

FPigure 7a: Carbon, 1 Fast Group, 1000 Deg. Kesvin, Chain 1
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.109 OLD BARNYARD CHAIN 2Z

THE TOTAL NUMBER OF BRCýD GROUPS IS 2

OUTPUT WILL BE FOR 2 3ROAD GROUPS
THF SOUNDARY FINE GROUPS ARE 11 12

NUCLIDE IS CARBON

ITS NUMBER DENSITY IS 7.9990E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS9 IN BARNS9 FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL

FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00068 .00000 4.21159 #28014 4.21227

1 2 .00000 000000 e04126 -. 01204 e04126

2 2 .00000 .00000 4.80000 *26688 4.80000

GROUP SIGTR SIGR FIGA NUSIGF SOURCE

1 3.98543 .04126 .00000 .00000 1.00000

2 4953665 .00353 e00353 .00000

MAXWELL-BOLTZMAN FACTOR a 1.1289 AVERAGE X a 1*1343391E+00

Figure 7o& Oarbon, I Fast Group, 1000 Deg. Kelvin, Chain 2
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JOB OLD BARNYARD, CHAIN

WA ER iQAST GR~OUP 21 FE, 1967

Tj F SOURCE USFI) I S 023 5 F ISf)I ON ( CRANBERLG SPEC RuM).

%YSTrM TrMPERATL?9E 1, 293.0 KELVIN

ATOP FRACT!ONK ARE

HvDROGEN .6666-666O)XYGEN *33333333

RELATIVE GROJPj

GROUP LETHARGY ENERGY, EV SOURCL FLUX, /UNIT U

.50 6.0653E+C0 2 4 •023£F-o2 5.629-'E-01

2 1.00 3.6788E+06 1.*02'E-Oi 2.118'-00
I1 .0 2.2313E406 2.i044E-G1 4.1606z+00
4 2.09 1.353LE+06 2.3139E--o0 4.1480E1-00
5 2.59 8.2085E -05 1.80oL8E-o1 3.5712E+o0

6 3.00 4.9787E+05 1.1483E-01 3.OO36E+to
7 5.00 6.7379E+04 1,2439E-01 1.609-£+00
8 8.00 3.3546E-03 7.2-941-03 8.5745E-CIS9 112.00 6.1442E+Oi ,OOOOE+00 7*6440E-01

SIn 16.00 1,1254E-00 OOO00E+00 7,5715E-01
-- il i7,00 4,13991E-01 00000E+00 8.3546E-01

12 17,50 2.5110E-01 o000E•O0 1.8262E+00
13 18,00 1,5230E-01 0O00007+0 1.7363E+01
14 ]e.50 9.2374F-02 .O000E+O0 6.5127E+01
15 19.00 5.602,•E-02 .OOOOE+00 10000E+02
S16 19.50 3.3983E-02 OCOOE+00 8.7712E401

17 20.00 2.06i2E-02 .OOOOE-00 5.4671E+01
18 20.50 1.2502E-02 .OOOCE-O0 2.7690E+01
19 21.00 7.5826E-03 .OO00E+O0 1.2365E+01
20 21.50 4.5991E-03 ,OOOCE+00 5.1154E+00
21 22.00 2*78 0 5E-03 ,OOOOE+O0 2Z0i05E+00
22 22.50 1.6919'-03 000OE00 7.7599E-01
23 23.00 1.0262E-03 .OOOOE+00 2�9300E-01

AGE 10 INDIUM RESONANCE (1.46EV) 1$ 2.5224F+01 CM2
AGE TO ARBITRARY THERMAL (1.12EV) Is 2.5338E-01 CM2
THERMAL DIFFUSION LENGTF SQUARED IS 6.2752E÷00 CM2
TOTAL MIOPATION AREA IS 3.1614E+01 CM2
MOST PROBABLE THERMAL NEUTRON VELOCITY IS 2.5493E-v03 MISEC
AVERAGE THERMAL NEUTRON VELOCITY iS 2.5111E+03 M/SEC
ABSORPTION PARAMETFR IS 1.7454E-02

Figure 8a; Water, 1 Fast Group. Onain I
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JOB OLD BARNYARD CHAIN 27

THF TnTAI NINMFr R (1c R ,APC l r OlUlP 15 2

OUTPUT WILL BE FOR 2 BROAD GROUPS

THE BOUNDARY FINE GROUPS ARE 11 12

NUCLIDE IS HYDROGEN

ITS "'UMBEP DENSITY IS 6.6800E-02 PER BARN-CM

MICROSCOPI. CROSS StC• IONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTiC N-2N (PO) (Pl) TRANSFER

1 1 .0000o .00000 10.63433 7.21949 10.63433
1 2 000000 .00000 .70545 .31223 .70545
2 2 .00000 .00000 38.00000 25.13320 38.00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE

1 .381308 .71048 ,00502 .00000 1.00000
? 13.15730 *29050 .29050 .00000

NUCLIDE IS OXYGEN

ITS NUMBER DENSITY IS 3o3400E-02 PER BARN-CM

1 MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL

FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00118 .00000 3.34723 .25328 3.34840
1 2 100000 .00000 .01400 -. 00420 .01400
2 2 >00000 .00000 4.20000 .17514 4.20000

GROUP SIGTR SIGR SIGA NL3SIGF SOURCE
I 3.11S41 .02009 .00609 .00000 1.00000

2 4.02661 .00175 .00175 -O0000

MAXWELL-BOLT7MAN FACTOR = 1.128, AVERAGE X = 11428491E+00

Figure 8; Water, 1 Fast Group, Ohain 2
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JOB OLD BARNYARD, CHAIN I

WATER 2 FAST GROUPS 21 FEB, 1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPLCTKUM).

SYSTEM TEMPERATURE IS 293.0 KELVIN

V4)

ATOM FRACTIONS ARE

HYDROGEN .66666666 0J
OXYGEN .33333333 L.

RELATIVE GROUP <
GROUP LETHARGY ENERGY, EV SOURCE FLUX, /UNIT U

1 .50 6.0653E'-06 2.3023E-02 5.6299E-O]

2 1.1n 3.6788E+06 1.0824E-01 2.1187E+00
3 1.5C 2.2313E7-06 2.1044E-01 4.1606E+00
S2.00 1.3ý134E406 2.3139E-01 4.1480E+00 K
5 2.50 8.2085E+05 1.8048E-01 3.5712E+00 >

6 3.00 4.9787E+05 1.1483E-01 3.0086E+00
7 5.00 6.7379E+04 1.2439E-0! 1.6096E+00
8 8.00 3.3546E+03 7.2094E-03 8.5745E-01
9 12.00 6.1442E-01 .OOOOE+00 7.b640E-01 I

10 16.00 1.1254E+00 o0OO0E+00 7.5715E-o0
11 17.00 4*1399E-01 .0OO0E+00 8.3546E-01
12 17.50 2.5110E-0i .O00E+00 1.8262E*00
13 18.00 1.5230E-01 .000OE+00 1.7363E+0i
14 1...50 9.2374E-02 .0000E-00 6.5127E+01
15 19.00 5.6028E-02 .OOOOE+00 1.0000E+02
16 19050 3.3983E-02 .0000E+o0 8.7712E+oi
17 20.00 2.0512E-02 40000E+00 5.4671E-01 X

18 2).50 !.2502E-02 .oOOOE+00 2.7690E+01
19 21.00 7.582bE-03 .OOOOE+00 1.2365E÷0 01
20 21.50 4o599'r-03 '-0000E+00 5.1154E-oo z
21 22.00 2.7895E-n03 OOOOE+00 2,0205E+0O
22 22.50 1.6919E-03 .0000E+O0 7.7599E-01
23 23.00 1.0262E-03 -O00OE-00 2-9300E-01

AGE TO INDIUM RESONANCE (1.46EV) IS 2.5224E+01 CM2
AGE TO ARBITRARY THERMAL (1.12EV) 15 2,5335E+01 CM2
THERMAL DIFFUSION LENGTH SQUARED IS 6.2752E+00 CM2
TOTAL MIGRATION AREA IS 3.1614E+01 CM2
MOST PROBABLE THERMAL NEUTRON VELOCiTY IS 2,5493E+03 M/SE'

AVERAGE THERMAL NEUTRON VELOCITY 1S 2.5111E+03 M/SEC

ABSORFTION PARAMETER iS 1.7454E-02

Figlr6 )a: Water, 2 Fast Groups, Chain 1 Fig
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JOB OLD BARNYARD CHAIN 2Z

'C... ^. v. . . ,, OF 8RCliD GROuPS iS 3

OUTPIiT W1LL BE FOR 3 3ROAD GROUPS

THF ROUNr)ARY FINF OP('P ARE A 11 12

NUCLIDE IS HYDROGFN

ITS NUMBER DENSITY IS 6.6800E-02 PER BARN-CM

M!CROSCOPIC CROSS SECTIONS, IN BARNS, FOLLCW°

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P12 TRANSFER

1 1 .00000 .00000 1.82518 1.46149 1.82518
1 2 ,00000 .00000 ),45849 972167 1,45849
1 3 .00000 .00000 .00000 .90000 .00000
2 2 .00000 .00000 15.76453 10.73447 15.76453
2 3 .00000 .00000 1.19781 ,53015 1.19781
3 1 .00000 ,00000 38*00000 25,13320 38,00900

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 1.10052 1.45849 .OuO0O .00000 .86840
2 5.70625 1.20634 .00853 -00000 .13160
3 13.15730 *29050 .29050 .000000

NUCLIDE IS OXYGEN

ITS NUMBER DENSITY IS 3.3400E-02 PER BARN-CM,

MICROSCOPIC CROSS SECTIONS, IN BARNS. FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) -RANSFEF

1 1 *00244 .00000 2.44289 ,39193 2o44532
1 2 .00043 .00000 .11221 .00256 *11264
i 3 .00000 .00000 .00000 .00000 *00000
2 2 O00ojo .00000 3.90007 *15472 3.90007
2 3 .00000 .00000 ,02377 -. 00713 o02377
3 3 .00000 .00000 4.2000e .17514 4,20000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 2.17829 o12746 ,01481 .00000 .86840
2 3.77624 .02377 .00000 .00000 .13160
3 4.02661 .00175 ,00175 ,00000

MAXWELL-BOLTZMAN FACTOR = 1.128, AVERAGE X 1.1428491E+00

Pigure 9c: dater, 2 Past Groups, Chain 2
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JOB OLD GARNYARD9 CHAIN 1

* IPURE URANIUM-235 1 FAST GROUP 21 FEB, 1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM).

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

URANIUM 235 1.00000000

RELATIVE GROUP
GROUP LETHARGY ENERGY# EV SOURCE FLUX, /UNIT U

1 050 6*0653E+06 2.3023E-02 6.3595E+oo
2 1.00 306788E+06 1.0824E-ol 3*3570E+01
3 1.50 2.2313E+06 2.1044E-01 6.6729E+01
4 2.00 1.3534E+06 2,3139E-01 8*9339E+o1
5 2.50 8*2085E+05 1.8048E-01 1.0000E+02
6 3,00 4.9787E+05 1.1483E-01 9.9793E+01
-- c7 6.7379E+04 1.2439E-01 6.6472E+01
8 8.00 3.3546E+03 7e2094E-03 4.7531E+00
9 12.00 6.14",2E+01 .OOnOE+O0 3*a288E-03

10 16.00 1.1254E+00 ,000E+00 8#0036E-08

AGE TO INDIUM RESONANCE (1.46EV) IS 1.9578E+01 CM7

Figure 10a: Uranium-235, 1 Fast Group, Chain 1

39



0 00

0

0
LL

44

0 a 0e ee ee 00 00 000 @0 g o n .. . 40 0 000 0 0 0 0 000 0s @0 0

T- .-

I--
w

-4

ILL

c-,

x

IL

Z~~c C- * g g 0 0 4 0 o. . g o . . g g o.D 0 0 0 0 0

Yiue2b rnu-3, ttGop lxPo



2x x

*06 0 eC 4 * O00* 00000*0000 0006 00 S9 0 *0 00060000 00

04



iI,

JOB OLD BARNYARD :HAIN 2Z

THE TO'AL NUMBER OF BRDAD GROUPS IS 1
OUTF-U" TI.L BE FOR 1 BROAD GROUPS
THE B( 4uARY FINE GROUF- ARE 11 12

4UCLIDE iS URANIUM 235

ITS NlUMBER DENSITY IS 4.7900E-02 PER BARN-CM

iTICROSCUPIC CROSS SECTIONS9 IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P1) TRANSFER

1 1 1.23713 .00000 5.64214 1968886 6.87927
i 2 .00000 .00000 .00000 .00000 .00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
i 6.63000 1.43959 1.43939 3.61426 1.000000

iFigure 10s Uranium-235, 1 Past Group, Ohain 2
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JOB OLE BARNYARD, CHAIN 1

PURE URANIUM-235 3 FAST GROUPS 21 FEB*1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM)*

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

URANIUM 235 1.00000000

RELATIVE GROUP

GROUP LETHARGY ENERGY# EV SOURCE FLUX9 /UNIT 0

1 .50 6,0653E+06 2.3023E-02 643595E+0O
2 1.00 3*6788E+06 1,0824E-01 3°3570E+OL
3 1.50 2,2313E+06 2*1044E-01 6*6729E+01
4 2.00 1*3534E+06 2°3139E-01 8.9339E+01

2.50 802085E+05 1o8048E-01 1.OOOOE+02
6 3.00 4*9787E+05 1*1483E-01 999793E+01
7 5.00 6*7379E+04 1°2439E-01 6°6472E+01
8 8.00 3,3546E+03 7,2094E-03 4,7531E+00
9 12.00 6*1442E+01 .OOOOE+00 3.8288E-03

10 16.00 1*1254E+00 °OOOOE+O0 8°0036E-08

AGE TO INDIUM RESONANCE (1,46EV) IS 1*9578E+01 CM2

figure 11a$ Uranium-235, 3 fast Groups, Chain 1
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JOB OLD BARNYARD CHAIN 2Z

THE TOTAL NUMEER OF BROAD GROUPS IS 3
OUTPUT WILL BE FOR 3 BROAD GROUPS
THE BOUNDARY F!NE GROUPS ARE 3 6 11 12

NUCLIDE IS URANIUM 235

ITS NUMBER DENSITY IS 4,7900E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS# IN BARNS* FOLLOW*

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .05410 .00000 4.76586 4*03780 4.81996
1 2 1.7413 .00000 e02081 -. 61377 1.19494
1 3 e70041 .00000 .00000 .00000 .70041
1 4 .ooo000 00000 .00000 .00000 .00000
2 2 .44240 O000O00 4*07620 1.57196 4*51861
2 3 097542 *00000 *01892 -*06592 .99434

9 22 4 ,O000O 00000 019000 *-0000 *0000S3 3 ,80920 ,OOOOO 7,47117 1.23983 8.28037
-- 3 4 000000 000000 00000OO 000000 OO0000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 4*57927 3.18334 1.28798 3.91628 .34170
2 5.26345 2.25088 1.25654 3.26017 .52670
3 8e71479 1967426 1.67426 3.85258 .13160

Figure llc: Uranium-235, 3 Past Groups, Ohain 2
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JOB OLD BARNYARD, CHAIN 1

NFTF CORE (AN MTR TYPE REACTOR) I FAST GROUP 21 FEB, 1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM).

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

HYDROGEN 448160826
OXYGEN o24079822
ALUMINUM *27604967
URANIUM 235 *00139125
URANIUM 238 900015263

RELATIVE GROUP

GROUP LETHARGY ENERGY, EV SOURCE FLUX* /UNIT U

1 .50 6'0653E+06 2.3023E-02 1.3110E+o0
2 1.00 3,6788E+06 1,0824E-01 5.0607E+01
3 1.50 2*2313E+06 291044E-01 I.OOOOE+02
4 2.00 1.3534E+06 2o3139E-o! 9.9896E+01
5 2.50 8.2085E+05 1*8048E-01 8o6102E+01
6 3.00 4.9787E+05 1.1483E-01 7.2588E+01
7 5.00 6,7379E+04 1.2439E-01 3.8833E+o1

8 8.00 3*3546E+03 7.2094E-03 2.0604E+01
9 12.00 6.1442E+01 ,OOOOE+00 1.8118E+01
10 16.00 1I1254E+00 *OOOOE+O0 1.7140E+01
11 17.00 4.1399E-01 .OOOOE+0O 1.7765E+01
12 17.50 2,5110E-01 *OOOOE+O0 1*9334E+01
13 18.00 1*5230E-01 ,OOOOE+O0 2.5553E+01
14 18.50 992374E-02 *000OE+00 3.5858E+01
15 19.00 596028E-02 ,000E+O0 3.6817E+01
16 19.50 3*3983E-02 ,OOOOE+00 2e6404E+01
17 20.00 2*0612E-02 ,OOOOE+00 1.4587E+0!

S18 23.50 1*2502E-02 ,OOOOE+O0 6.8143E+00
19 21.00 7.5826E-03 .O0OOE+O0 2.8722E+00
20 21.50 4*5991E-03 .O000E+O0 1.1384E+00
21 22.00 2.7895E-03 .OOOOE+00 4.3532E-01
22 22.50 1*6919E-03 .O000E+00 1,6308E-01
23 23.00 1,0262E-03 .00OE+00 6,0405E-02

AGE TO INDIUM RESONANCE (146EV) IS 6.3752E+o1 CM2
AGE TO ARBITRARY THERMAL (112EV) IS 6*3939E+01 CM2
THERMAL DIFFUSION LENGTH SQUARED IS 3.1354E+00 CM2
TOTAL MIGRATION AREA IS 6.7075E+01 CM2
MOST PROBABLE THERMAL NEUTRON VELOCITY IS 2.8887E+03 M/SEC
AVERAGE THERMAL NEUTRON VELOCITY IS '.,6731E+03 M/SEC
ABSORFPION PARAMETER IS 1*0226E+00
SCATTERINS PER RESONANCE ATOM IS 6.9315E+C4 BARNS
EFFECTIVE RESONANCE INTEGRAL IS 2.5056E+02 BARNS

Figure 12aý NIETP, 1 Fast Group, Chain 1

45



0I
UU

0 001 O s...... 000 000 *5 55 s 0@ . Oss 50 0 5000 0 055 *50 O0 0

0

- x

0 0 5 0 @ S 0 a00X as. . . see S0 *5@5g55 000 000 000 C S 0 a050

w

xx

ifl X

w

-j

M %O r f
Nz~ v CV- 4-

wiue1b SF atGop lxPo



p e e...... 0000060 0a 00 00 0 0 0 0 0* *0 00 0 0 0 a000 600

xxC

00.00goa 0 0 0 0 00 60 0 0~00*0090400000 000006 00000 000** * X)C 0 00 &

-4 0 0

'4 -

46



.JOB OL.D BARNYARD CHAIN 2Z

THE TOTAL NUMBER OF BROAD GROUPS IS 2
OUTPUT WILL BE FOR 2 BROAD GROUPS
THE BOUNDARY FINE GROUPS ARE 11 12

NUCI.IDE IS HYDROGEN

ITS NUMBER DENSiTY IS 4,0713E-02 PER BARN-CM

MICRoSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00000 *00000 10.55896 7.16066 10.55896
1 2 .000,0 .00000 .66517 .29354 .66517
2 2 .00000 .00000 38.00000 25.13320 38.00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 3*77468 .66992 ,00075 *00000 1.00000
2 13.06540 .19860 o19860 .00000

NUCLIDE IS OXYGEN

ITS NUMBEP DENSITY IS 2.0336E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00116 .00000 3.34652 .25410 3.34767
1 2 .00000 ,00000 901311 -e00393 .01311
2 2 .00000 .00000 4.20000 .17514 4.20000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE

1 3.11666 .01916 o006G5 .00000 1.00000
2 4.02606 .00120 -00120 .00000

figure. 12c: NWP, 1 Past Group, Chain 2
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i • NUCLIDE 1S ALI MINUM

ITS NUMBER DENSITY 1S 2o3336E-02 PER 8ARN-CM

MICR3SCOPIC CROSS SECTIONS, IN BARNS, FOLLOW*

N ISCATTER ELASTIC ELASTIC TOTAL

FROM TO INELASTIC N-PN (PO) 1Pl) TRANSFER

1 1 .05433 .00000 .00010 .00093 .05443
1 2 .00000 .00000 .OCO00 .00000 .00000

" 2 2 .00000 .00000 1.40000 .03444 1.40000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 .06197 .00847 .00847 .00000 1.00000
"2 1.50972 .14416 *14416 .00000

NUCLIDE IS URANIUM 235

- ITS NUMBER DENSITY IS 1.1761E-04 PER BARN-CM

MICRUSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P1l TRANSFER

1 1 o80758 .00000 7.81200 1.19759 8.61957
1 2 .00000 .00000 .00363 -. 00108 .00363
2 2 .00000 .00000 14.80000 .04144 14.80000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
K 1 24e27=99 16o85293 16o84930 27o34165 1.00000

2 420.44t.80 405.68824 405,68824 829.68092

Figure 12d: NbITF, . Past Group, Ghain 2, Gontinued
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NUCLIDE IS URANIUM 238

ITS NUMBER DENSIIY IS 1,2903E-05 PER BARN-C.M

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL

FROM TO INELASTIC N-2N (PO) (PI) TRANSFER

1 1 e95131 o00806 12.89255 1.33711 13,85997

1 2 .00000 .00000 .00208 -. 00063 o00208

2 2 0oc000 .00000 13.80000 o03864 13.80000

GROU? SIGTR SIGR SIGA NUSIGF SOURCE

1 21.26361 8.74012 8.74610 o4C161 1.00000
2 15.39440 1.63304 1063304 .00000

MAXWELL-BOLTZMAN FACTOR = .128, AVERAGE X = 1.6717270E+00

Figure 12e: NSTP, I Past Group, Gba•i.n 2, Gontinued
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JOB OLD BARNYARD. CHAIM 1

NETF CORE (AN MTR TYPE REACTOR) 2 FAST GROUPS 28 FEB. 1967

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM).

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

HYDROGEN .48160826
OXYGEN .24079822
ALUMINUM .27604967
URANIUM 235 .00139125
URANIUM 238 .00015263

RELATIVE GROUP
GROUP LETHARGY ENERGY, EV SOURCE FLUX. /UNIT U

1 .50 6.0653E+06 2.3023E-02 1.3110E+o1
2 1.00 3.6788E+06 1.0824E-01 5.0607E+01
3 1.*0 2.2313E+06 2°1044E-01 1-OOOOEo02
4 2.00 1.3534E+06 2.3139E-01 9.9896E+01
5 2.50 8.2085E+05 l.8048E-01 8.6102E+01
6 3.00 4.9787E*05 1.1483E-01 7.2588E+o1
7 5.00 6.7379E+04 1.2439E-01 3.8833E+01
8 3.00 3.3546E+03 7°2094E-03 2.0604E+o1
9 12.00 6.1442E+01 *OOOOE+O0 1.8118E+01

10 16.00 1.1254E+00 .O000E+00 1.7140E+o1
11 17.00 4.1399E-01 .OOOOE+00 1.7765E+01
12 17*50 2.5110E-01 .O000E+00 1.9334E+0113 18.00 1.5230E-01 .OOOOE+00 2.5553E+01
14 1i8*50 9,2374E-02 *OOOOE+00 3,5858E+01
15 19.00 5,6028E-02 &OOOOE+O0 3.6817E+01
16 19.50 3e3983E-02 -OOOOE+00 2,6404E+0117 20000 2.0612E-02 eOOOE+00 194587E+01
18 20.50 1,2502E-02 -O000E+00 6.8143E+00
19 21.00 7,5826E-03 ,OOOOE+00 2.8722E+OC
20 21.50 4o5991E-03 9O000E+0O0 11384E+00
21 22.00 2*7895E-03 .O000E+00 4,3532E-01
22 22.50 1,6919E-03 ,O000E+00 1.6308E-01
23 23.00 10262E-03 ,OOOOE+00 6*0405E-02

AGE TO INDIUM RESONANCE (1.46EV) IS 6.3752E+o1 CM2
AGE TO ARBITRARY THERMAL (1.12EV) IS 6.3939E+01 CM2
THERMAL DIFFUSION LENGTH SQUARED IS 3-1354E+00 CM2
TOTAL MIGRATION AREA IS 6.7075E+o1 CM2
MOST PROBABLE THERMAL NEUTRON VELOCITY IS 2.8887E+03 M/SEC
AVERAGE THERMAL NEUTRON VELOCITY IS 3.6731E+03 M/SEC
ABSORPTION PARAMETER IS 1.0226E+00
SCATTERING PER RESONANCE ATOM IS 6&9315E+04 BARNS
EFFECTIVE RESONANCE INTEGRAL IS 2.5056E+02 BARNS

Pigunre 13a: NBTF, 2 Fast Groups, Chain 1
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JOB OLD RARNYARD CHAIN 2Z

THE TOTAL NuN'RER OF F-ROAD GROUPS IS 3
OUTPUT WILL BE FOR 3 BROAD GROUPS
THE BOuNDARY rINF GROUPS ARE 6 11 12

NUCLIDE IS HYDROGEN

ITS NUMBER DENSITY IS 490713E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FRO,. TO INELAST!L N-2N (PO) (Pl) TRANSFER

1 1 .00000 .00000 1.82606 1,46253 1.82604
1 2 .o0000 .00000 1.46266 e72397 1,46266
1 3 .00000 .00000 .00000 .00000 .00000
2 2 .030000 .00000 15.74018 10.70556 15.74018
2 3 .00000 0.00000 1*13920 e50273 1.13920
3 3 .00000 .00000 38o00000 25913320 38.00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 1.10220 1.46266 .00000 .00000 .86840
2 5.67925 1.14734 .00814 .00000 .13160
3 13.06540 .19860 .19860 .00000

NUCLIDE IS OXYGEN

ITS NUMBER DENSITY IS 2.0356E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00236 .00000 2o44589 .39171 2,44825
1 2 .00042 ,00000 .11264 .00257 .11306
1 3 .nO00 .00000 .00000 .00000 .00000
2 2 000000 .00000 3.90838 .15421 3.90808
2 3 00000, 000000 o0?245 -o00673 .02245
3 3 .00000 .00000 4.20000 .17514 4.20000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 2.18157 .12760 .01,454 -00000 .86840
2 3.78305 o02245 .0000 .00000 .13160
-3 4.02606 .00120 o00120 .00000

Pigure 13o: 14i.TF, 2 Fast Groups, Chain 2
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NUCLIDE IS ALUMINUM

ITS NUMBER DENSITY IS 2.3336E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW*

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC !;-2N (PO) (Pl) TRANSFERI

* 1 1 .13057 .00000 .00024 .-00224 .13081
1 2 .00000 .00000 .00000 .00000 .00000
1 3 .00000 000000 00000 0000ou .00000
2 2 .6O0000 00000 .00300 000000 .00000
2 3 .00000 .00000 000000 .00000 .00000
3 3 .00000 .00000 1940000 .03444 1.40000

GROUP SIG'R SIGR SIGA NUSIGF SOURCE
1 *13;:89 000432 .00432 000000 o86840
2 o01143 o01143 .01143 .00000 .13160
3 150972 o14416 e14416 .00000

NUCLIDE IS URANIUM 235

ITS NUMBER DENSITY IS 11761E-04 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .77234 .00000 4o31206 2.30494 5,08440
1 2 o85655 000000 o00884 -e03074 o86540
1 3 .00000 .00000 .00000 -00000 .00000
2 2 o22226 000000 10.29996 o43032 10.52222
2 3 *00000 000000 .00621 -. 00184 .00621
3 3 .00000 .00000 14,80000 .04144 14.80000

GROUP SIGTR SIGR SIGA NUS!GF SOURCE
1 4o95087 2*14068 1.27528 3.55094 986840
2 38.04826 27995452 27.94830 44o29636 o13160
3 420o44680 405o68824 405o68824 829o68092

Pfigure 13d. h-STP, 2 Fast Groups, Chain 2 Continued
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NUCLIOE IS URANIUM 238

ITS NUMBER DENSITY IS 1*2903E-05 PER BARN-CM

MICROSCOPIC CIOSS SFCTIONS, IN BARNS. FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTiC N-2N (PO) (Pl) TRANSFER

1 I 1.03487 .01530 4.95898 2.44602 6.02445
1 2 1.06085 .00406 011.03 .01275 1.08000
1 3 .00000 .00000 00O000 .00000 000000
2 2 .13573 .00000 18.53863 o53775 18o67436
2 3 .00000 000000 o00356 -. 00107 o00356
3 3 000000 000000 13.80000 .03864 13.80000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
i 5.03425 1.46857 .40793 .965:14 .86840
2 32.82964 14.69195 14o68839 .00000 e13160
3 15.39440 1.63304 1.63304 .00000

MAXWFLL-BOLTZHAN FACTOR = 1128, AVERAGE X = 1,6717270E+OO

Figure l3es NTFO, 2 Past Groups, Chain 2 Continued

54

N54



I

JOB OLD BARNYARD, CHAIN 1

AFIT SUBCRITICAL REACTOR CORE I FAST GROUP

THE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM)*

SYSTEM TEMPERtTURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

HYDROGEN .46238076
OXYGEN •23119038
ALUMINUM e08513929
URANIUM 235 900161649
URANIUM 238 .22934297

RELATIVE GROUP
GROUP LETHARGY ENERGY. EV SOURCE FLUX, /UNIT U

2 1.00 3°6788E+06 1,0824E-01 4.2270E+01
3 1.50 2.2313E+06 2*1044E-01 8.4042E+01
4 2.00 1,3534E+06 2.3139'C-O1 9.3733E+01
5 2.50 8°2085E+05 18048E-01 1.OOOOE+02
6 3.00 4.9787E+05 1.1483E-o1 9.9286E+01
7 51950 67379E+04 1O2439E-01 6.0211E+01
8 8050 323546E+03 7.2094E-03 3.1922E+01
9 12100 6.1442E+01 .O0O0E+00 256493E+01

10 16.00 .11254E+00 ,O000E+O0 1.7623E+01
21 17200 471399E-01 .OOOOE+O0 108736E+01
12 17,50 2*5110E-01 *OOOOE+O0 237139E+n1
13 18200 l°5230E-01 OO0O0E+0O 3°3059E+01S14 18,50 9*2374E-02 oO000E+O0 5°8141E+01

AGE OIU00 5E.628E-02 I 0000E+00 6E8442E+01
16 19T5I 3T3983E-02 EOOOOE+00 5.3053E+E1
17 20*00 203612E-02 *O000OE+O0 3.0782E+01

18 20D5F UI2502E-02 LONG0E+E0 1.4872E+01
19 21T00 7M5826E-03 AO0S0E+O0 6C4232E+00
20 21R50 405991E-03 TRO0NE+O0 2V5928E+00

A E21 22M00 2N7895E-03 LOCIYE+S0 1E0053E+00
22 22A50 1B6919E-03 P E000E+00 3S8067E-01

•23 23°00 1°0262E-03 .O000E+O0 1*4218E-01

SAGE TO INGIUM RESONANCE (AO46EVM IS 2.9947E+01 CM2SAGE TO ARBITRARY THERMAL (I.12EV) IS 3*0004E+01 CMZ
STHERMAL DIFFUSION LENGTH SQUARED IS 1,8123E+00 CM2

TOTAL MIGRATION AREA IS 3*1817E+01 CM2
SMOST PROeABLE THERMAL NEUTRON VELOCITY A'S 2*5493E+03 M/SEC
SAVERAGE THERMAL NEUTRON VELOCITY IS 3*2063E+03 M/SEC
e{ABSORPT'C.4 PARAMETER IS 5,8382E-01
1SCATTERING PER RESONANCE ATOM 1S 7o6640E+01 BARNS

EFFECTIVE RESONANCE INTEGRAL IS 2,0765E+01 BARNS

PFgure 14at AFIT Suborito, I Fast Group, Chain 1
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JOR OLD RARNYARD CHAIN ?Z

THE TOTAL NUMBER OF BROAD GROUPS IS 2
OUTDUT WILL BE FOR 2 BROAD GROUPS
THE i;CUNOARY FINE GRCUPS ARE 11 12

NUCLIDE IS HYDROGEN

1TS NUMBER DENSITY IS 3.5040E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

cSCATTcR ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P1l TRANSFER

1 .00000 .00000 11.4.837 7.72347 11.44837
1 2 .00000 .00000 .55438 .24351 .55&38
2 2 900000 .00000 38.00000 25.13320 38o00000

GROUP SIG'R SIGR 5IGA NUSIGF SOURCE
1 4o03172 .55834 .00396 .00000 1.00000
2 13,09431 .22751 .22751 .00000

NUCLIDE IS OXYGEN

ITS NUMBER DENSITY IS 1.7520E-02 PER BARN-CM

MICPOSCOPIC CROSS SECTIONS, IN BARNS. FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROMI TO INELASTIC N-2N (PO) (P1) TRANSFER

1 1 0000b8 .00000 3.52317 .24283 3,52385
1 2 .00000 000000 .01084 -*00325 .01084
2 2 .00000 .00000 4.20000 .17514 4o20000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 3.29896 *01469 .00385 .00000 100000
2 4.02623 .00137 .00137 -00000

Figure 14c; APIT Subcrit., I Past Broup, Chain 2
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NUCLIDE IS ALUMINUM

ITS NUMBER DENSITY 7S 6.4520E-03 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P1l TRANSFER

1 1 .04298 .00000 .00006 .00055 .04303
1 2 .C000 .60000C .00000) -00003 .00000
2 2 .)0000 .000030 1.40000 .03444 1.40000

GROUD SIGTR SIGR SIGA NUSIGF SOURCE
I .05n48 .00800 .00800 .00000 1.00000
2 1.53071 *16515 .16515 .00000

NUCLIDE IS URANIUM 235

ITS NUMBER DENSITY IS 1.2250E-04 PER eARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS* FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) ,Pl) TRANSFER

1 1 ,7C799 000000 6.06126 1.04389 8.76924
1 2 00O000 .0C00 .00300 -. 00089 o00300
2 2 .00000 4O0000 14.80000 .04144 14.80000

GROUP SIGTR SIGR SiGA NUSIGF SOURCE
1 23,28539 15.55915 15.55615 25P34965 1.00000
2 479e51266 464.75410 464.75410 950.47764

figure l4d: APIT Suborit., . Fast Group, Chain 2, Continued
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NUCLIDE IS URANIUM 238

ITS NUMBER DENSITY IS 1.7380E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS* FOLLOW.

SCATTFR ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-?N (PO) (P1) TRANSFER

1 1 .77921 o00474 13.38083 1.19954 14.16952
1 2 .00000 .00000 .00172 -. 00052 .00172
2 2 .00000 .00000 13.80000 o03864 13.80000

GPOUP SIGTR SIGR SIGA NUSIGF SOURCE
1 13o77623 .80574 .80875 o28073 1600000
2 15.63216 1.87080 1.87080 ,000000

MAXWELL-BOLTZMAN FACTOR = 1.128, AVERAGE X = 1.4592663E+00

Pigure 14e& AlIT Subcrit., 1 Past Group, Obain 2, COntinued
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JOB OLD BARNYARD ClHAIN I

AFIT SUBCRITICA. REACTOR CORE 2 FAST GROUPS

THE SOURCE USE) IS U235 FISSION (CRANUERC3 SPLCTRUM)*

SYSTEM TEMPERATURE IS 293.0 KELVIN

ATOM FRACTIONS ARE

HYDROGEN ,46238076
OXYGEN e23119038
ALUMINUM .08513929
URANIUM 235 900161649
URANIUM 238 .22934297

RELATIVE GROUP
GROUP LETHARGY ENERGY. EV SOURCE FLUX. /UNIT U

1 050 6*0653E+06 2.3023E-02 9.4603E÷00
2 1.00 3.6788E+06 1.0824E-01 4,2270E+01
3 1.50 2*2313E+06 2.1044t-01 i1.4042E+01
4 2.00 1*3534E+06 2.3139E-01 9.3733E+01
5 2.50 8.2085E+05 1.8048E-01 1OOOOE+02
6 3.00 4,9787E+05 1*1483E-01 9*9286E+01
7 5.00 6*7379E+04 1,Z43VE-0O 6,0211E+01
8 8.00 3.3546E+03 7*2094E-03 3.1922E+01
9 12.00 6*1442E+01 .OOOOE+00 2.6493E+01

10 16.00 1.1254E+00 #OOOOE+00 1.76223+01
11 17.00 4.1399E-01 .O00CE+00 1.8736E+01
12 17.50 2*51I1E-01 *OOOOE+3O 2*1139E+01
13 18.00 1.5230E-0 *OOOOE+00 3.3059E+01
14 18.50 9.2374E-02 ,OOOOE+O0 5*8141F+01
15 19.00 5,6128-02 )OOO0E+00 698442E+01
16 19.50 339t83E-02 OOOOE+00 5.3053E+01
17 20o00 2.0612E-02 OOOOOF+00 3*0/82E+01
18 20.50 1.2502E-02 9O0COE+OG 1.4872E+01
19 21.00 7*5826E-03 0000E+00 6e4232E+00

20 21.50 4*599.-E-03 *OOOCE+00 2*5928E+00
21 22.00 2,7895E-03 .OOOOE+00 1.&053E+00
22 22.50 106919E-03 ,OOOOE+00 3s806?E-01
23 23.00 10262"E-O3 .O000E+O0 1.4218E-01

AGE TO INDIUM RESONANCE (1*46EV) IS 299947E+01 CM2
AGE TO ARBITRARY THERMAL (1.12EV) IS 3000o4E+01 CM2
THERMAL DIFFUSION LENGTH SOUARED IS 1*8123E+00 CM2
TOTAL MICRATION AREA IS 3.1817E+01 CM2
MOST PROBABLE THERMAL NEUTRON VELOCITY IS 2.5493E+03 M/SEC
AVERAGE TH4ERMAL NEtbTRON VELOCITY IS 3.2063E+03 M/SEC
ABSORPTION PARAMETER 1- 5.8382E-01
SCATTERING PER RESONANCE ATOM IS 7.6640E+01 BARNS
EFFECTIVE RESONANCE INTEGRAL iS 2*0765E+o1 BARNS

figure 15as AFIT Subcrit., 2 Fast Groups, Chain I
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JOB OLD BARNYARD CHAIN 2Z

THE TOTAL NUMBER OF BROAD GROUPS IS 3
OUTPUT WILL BE FOR 3 BROAD GROUPS
THE BOUNDARY FINE GROUPS ARE 6 11 12

NUCLIDE IS HYDROGEN

ITS NUMBER DENSITY IS 3.5040E-02 PER BARN-CM

MICRO3COPIC CR03S SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .00000 .00000 1.79736 1.45938 1.79736
1 2 400000 .00000 1.73146 .88732 1.73146
1 3 .00000 .00000 .00000 .00000 .00000
2 2 .00000 .00000 15.60306 10.54419 15.60306
2 3 -00000 .00000 .84521 o37127 o84521
3 3 .00000 .00000 38.00000 25.13320 38.00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 1.18213 1.73147 .00000 .00000 .86840
2 5.53885 .85125 00604 ,00000 .13160
3 13.09431 .22751 o22751 .00000

N. .LIDE IS CXYGEN

ITS NUMREP DENSITY IS 1,7520E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS. FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 o00168 .00000 2.56149 .41282 2.56317
1 2 .00030 .00000 .15174 .00346 .15204
1 3 ,00-000 000000 .00000 .00000 .00000
2 2 -00000 .00000 3.94807 .15183 3o94807
2 3 .00000 .00000 s01653 -. 00495 .01653
3 3 .00000 000000 4.20000 .17514 4.20000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 2.31011 o16321 o01118 .00000 086840
2 3.81772 .01653 .00000 -00000 ,13160
3 4.C2623 .00137 *00137 .00000

Figure 15cs AFIT Subcrit,, 2 Past Groups, Chain 2
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INUCLIDE IS ALUMINUM

ITS NUMBER DENSITY IS 6.4520E-03 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FrOM TO INELASTIL N-2N (PO) (PI) TRANSFER

1 1 .12489 .00000 ,00017 .00159 .1250i
1 2 .00000 .00000 .00000 .00000 .00000
1 3 .00000 .00000 .00000 .00000 .00000
2 2 O00000 000000 .00000 .00000 .00C00
2 3 .00000 .00000 .00000 .00000 .00000
3 3 .00000 .00000 1.40000 .03444 1.40000

GROUP SIGfR SIGR SIGA NUSIGF SOURCE
1 .12679 o00331 e00331 .00000 a86840
2 e01046 .01046 s01046 .00000 ,13160
3 1.53071 .16515 .16515 .00000

NUCLIDE IS URANIUM 235

ITS NUMBER DENSITY IS 1.2250E-04 PER BARN-CM

MICR03COPIC CR0SS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-?N (PO) (Pl) TPANSFER

1 1 *69454 .00000 4.28541 2.16289 4.97995
1 2 *86675 .00000 001191 -.04141 .89866
1 3 .00000 .00000 .00000 .00000 100000
2 2 .24984 .00000 13.03586 o47857 10.26571
2 3 ,oorO oo 00o1100 .00457 -. 00136 .00457
3 3 .0000C .00000 14.80000 .04144 14.80000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 5.02510 2.16663 i.26798 3.47598 .86840
2 32.86496 23.05647 23.05189 36.82483 ,±3160
3 479951266 464.75410 464.75410 950.47764

Figure 15ds "iIT Subcrit., 2 Fast Groups, Chain 2, Continued
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NUCLIDE IS URANIUM 238

ITS NUMBER DENSITY IS 1.7380E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (PI) TRANSFER

1 1 .92311 .01087 5.04366 2o33414 5o98852
.1 1.05061 .00289 .01486 .01718 1.07124
1 3 000000 .00000 .00000 .00000 .00000
2 2 .15256 .00000 17.74682 o59531 17o89938
2 3 .00000 .00000 .00262 -. 00079 .00262
3 3 .00003 .00000 13.80000 o03864 13.80000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 5,06187 1.42467 e36719 .81584 .86840
2 18.34789 1.04302 1.04040 -00000 *13160
3 15.63216 1.87080 1.87080 .00000

MAXW[LL-BOLTZvAN FACTOR = 1.128, AVERAGE X = 1.4592663E*oo

i ;

-igure 15e: AFIT Subcrito., 2 Past Groups, Chain 2, Continued
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JOB OLD BARNYARD, CHAIN I

ROMASKA CORE (A DIRECT ENERGY CONVERTER REACTOk) I FASf GROUP

STHE SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM).

SYSTEM TEMPERATURE IS 1273.0 KELVIN

ATOM FRACTIONS ARE

CARBON .86548694
URANIUM 235 .12213834
URANIUM 238 .01361218

RELATIVE GROUP

GROUP LETHARGY ENERGY, EV SOURCE FLUX, /UNIT U

1 .50 6.0653E+06 2.3023E-o2 4.4849E+00
2 1.00 3.6788E+06 1.0824E-01 2.3895E+01
3 1.50 2.2313E+06 2.1044E-01 5.8781E+01
4 2.00 1.3534E+06 2.3139E-01 8.9394E+01
5 2.50 8.2035E+05 1.8048E-01 9.1312E+01
6 3.00 4.9787E+05 1.1483E-01 9.0867E+01
7 5.00 6.7379E+04 1.2439E-01 1.00O0E402
8 8.00 3.3546E+03 7,2094E-03 3.4544E+01
9 12.00 6.1442E+01 .OOOOE+00 6.9175E-02

10 16.00 1.1254E+00 .OOOOE+00 9.7373E-07
11 17.00 4.1399E-01 .OOOOE+O0 1.0213E-11
12 17.50 2,5110E-01 .O000E+00 4.7077E-14
13 18.00 1.5230E-01 .OOOOE+O0 390930E-16
1it 18.50 9.2374E-02 .0000E+O0 2.9839E-18
15 19.00 5.6028E-02 .OOOOE+00 4.2305E-20
16 19.50 3.3983E-02 .OOOOE+O0 8.6734E-22
17 20.00 2.0612E-02 .OOOOE+O0 2.5074E-23
18 20.50 1.2502E-02 .OOOOE+O0 9.9264E.-25
19 21.00 7.5826E-03 .OOOOE+O0 5.2209E-26
20 21.50 4.5991E-03 .O000E+00 3.5424E-27
21 22.00 2.7895E-03 .OOOOE+00 3.015BE-28
22 22.50 1.6919E-03 .O00OE+00 3.1401E-29
23 23.00 1.0262E-03 .O000E+O0 3.9066E-30

AGE TO IlDIUM RESONANCE (1.46EV) IS 9.6172E+01 CM2
AGE TO ARSITRARY THERMAL (1.12EV) IS 9.5923E+01 CM2
THERMAL DIFFUSION LENGTH SQUARED IS 1.7292E-01 CM2
TOTAL MIGRATION AREA IS 9.6096E+01 CM2
MOST PROPA8LF THERMAL NEUTRON VELOCITY IS .OOOOE+0O M/SEC
AVERAGE THERMAL NEUTRON VELOCITY IS 2.1557E+04 M/SEC
ABSORPTION PARAMETER IS 2.7659E+02
SCATTERING PER RESONANCE ATOM IS 4.3363E+02 BARNS
EFFECTIVE RESONANCE INTEGRAL IS 4.6972E+01 BARNS

F igure 16a: Aomaska, I fast Group, Chain 1
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JOB CLD 9ARNYARD CHAIN 2Z

ITHE TOTAL NUME.ER OF FROAD GROUPS IS 1
OUTPUT WILL BE FOR 1 BROAD GROUPS
THE S0UAlDARY FINE 'jRCUPS ARt 11 12

NUCLIDE IS CARBON

ITS NU'MBER DE'JSITY IS 6o9940E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS9 IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM To INELASTIC N-2N (P0) (p1) TRANSFER

1 1 .00211 .00000 3o51316 028160 3o51527
1 2 .00000 .O00000 .00000 .00000 .00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE

1 3o23367 .00000 .00000 .00000 1.00000

NUCLTDE IS URANIUM 235

ITS NUiMBER DENSITY IS 9*8700E-03 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN E;ARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM 7O INELASTIC N-2N (P0) (P1) TRANSFER

1 1 .94420 .00000 6o76122 1.42560 7070542
1 2 .00000 .00000 000000 .00000 .00000

GROUP SIGT4 SIGR SIGA NUSIGF SOURCE

I 7o99061 1.71079 1.71079 4.01466 1.000000

Figure 16as Romaaka, 1 i'ast G7oup, (ibain 2 '
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1 NUCLIDE IS URANIUM 238

ITS NUMBER DENSITY IS 1.1000E-03 PER BARN-CM

MICROSCOOIC CRCSS SECTIONSt IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL

rROM TO INELASTIC N-2N (PO) (P3) TRANSFER

1 1 *94824 *00285 8.09556 1.67050 9,04950

1 2 .00000 .00000 .00000 .00000 .00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE

1 7.57219 .19318 .19603 .26603 1.00000

Figure 16ds Aomauka, I Fast Group,, hain 2._Continued
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JOB OLD BARNYARD, (HAIN I

SROMASKA CORE (A DIREC ENERGY CONVERTER REACTOR) 3 FAST GROUP

THF SOURCE USED IS U235 FISSION (CRANBERG SPECTRUM).

iiYSTEM TEMPERATURE IS 1?73,0 KELVIN

ATOM FRACTIONS ARE

CARBON e86548694
URANIUM 235 *12213834
URANIUM 238 #01361218

RELATIVE GROUP

GROUP LETHARGY ENERGY9 EV SOURCE FLUX* /UNIT U

1 o50 6.0653E+06 293023E-02 4.4849E+00
2 1.00 3.6788E+06 1.0824E-01 2,3895E+01
3 1.50 292313E+06 2*1044E-01 5*8781E+01
4 2.00 193534E+06 2.3139E-01 8.9394E+01
5 2.50 8,2085E-05 108048E-01 901312E+01
6 ,0.0 4.9787E+05 1,1483E-01 9*0867E+01
7 5.00 6.7379E+04 1,2439E-01 1,0000E+n2
8 8,00 3,3546E+03 7.2094E-03 3.4544E+01

12.00 6,1442E'-01 .O00OE+O0 609175E-02

10 15.00 1*1254E+00 *OOOOE+00 9,7373E--07
11 i7ý00 4*1399E-01 00000E+O0 1*0213E-11
12 17.51) 2,5110E-01 ,OOOOE+00 4.7077E-14
13 18.00 1.5230E-01 *OOOOE+00 3,0930E-16
14 13.50 9.2374E-02 *OOOOE+0O 2*9839E-18
15 19-00 596028E-02 *OOOOE+00 4*2305E-20
16 19.50 3,3983E-02 0O000E+O 8*6734E-22
17 20.00 Ze0612E-02 6O000E+n0 2*5074E-23
18 20.50 1,2502E-02 ,O000E+00 9o9264E-25
19 21.00 7*5826E-03 ,0000E+00 5*2209E-26
20 21.50 4*'5991E-03 ,OOOOE+00 3*5424E-27
21 22.00 2,7895E-03 00000E+00 3*0158E-28
22 22.50 1.,6919E-03 *OOOOE+0O 3*1401E-29
23 23.00 !.0262E-03 .O000E+00 3*9066E-30

AGE TO INDIUM RESONANCE tI*46EV) 13 996172E+01 CM2
AGE TO ARBITRARY THERMAL (1.12EV) IS 9*5923E+01 CM2
THERMAL DIFFUSION 'ENGTH SQUARED IS 1,7292E-01 CM2
TOTAL MIGRATION AFEA IS 9,6096E+01 CM2
MOST PROBABLE THERMAL i.EUTRON VELOCITY IS 90000E+100 M/SEC
AVERAbE THERMAL NEUTRON VELOCITY IS - 2,1557E+04 M/SEC
ABSORPTION PARAMETER IS 2,7659E+02
SCATTERING PER RESONANCE ATOM IS 4,3363E+02 BARNS
EFFECTIVE RESONANCE INTEGRAL IS 4o6972E+01 BARNS

Figure 17at Romaska, 3 Past Group, Obhin 1
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JOB OLE BARNYARD CHAIN 2Z

THE TOTAL NUMBER OF BROAD GROUPS IS 3
OUTPUT WILL BE FOR 3 BROAD GROUPS
THE BOUNDARY FINE GROUPS ARE 3 6 11 12

NUCLIDE IS CARBON

ITS NUMBEF DENSITY IS 6.9940E-02 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (P1) TRANSFER

1 1 .00808 .00000 1.30261 .28939 1.31069
1 2 .01226 .00000 .41154 -. 1"988 .42379
1 3 .00306 .00000 .00000 .00000 900306
1 4 .00000 .00000 .00000 000000 .00000
2 2 .00000 .00000 2.24744 .38214 2.24744
2 3 .00000 .00000 .31718 -. 08037 .31718
2 4 .00000 .00000 .00000 .00000 .00000
3 3 400000 .00000 4.19494 e29727 4.19494
3 4 .30000 .00000 .00000 -00000 .00000

GROUP SIGIR SIGR SIGA NUSIGF SOURCE
1 1.62804 .42686 000000 .00000 .34170
2 2e26286 ,31718 .00000 .00000 .52670
"3 3.89767 .00000 .00000 .00000 .13160

NUCLIDE IS URANIUM 235

ITS NUMBER DENSITY IS 998700E-03 PER BARN-CM

MICROSCOPIC CRCSS SECTIONS, IN BARNS, FOLLOW.

SCATTER ELASTIC ELASTIC TOTAL
FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 .05023 .00000 4.75120 4.02975 4.80143
1 2 1.16352 -00000 .02243 -. 66161 1.18596
S3 ,71014 00OCO o900000 .00000 e71014
1 4 .00000 .00000 .00000 .00000 .00000
2 2 o45118 .00000 4.07086 1.57852 4.52204
2 3 o97199 .00000 .01834 -. 06391 .99034
2 4 .00000 .00000 .00000 .00000 .00000
3 3 .58971 .00000 8.24010 1.10727 8.82980
S3 4 .00000 .00000 .00000 .00000 .00000

FPigure 17c: Romaska, 3 Fast Groupa, Chain 2
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GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 4.61893 3.18565 1.28955 3.898"5 .34170
2 5,25574 2,24831 1.25797 3.26821 .52670
3 9.69603 1.97351 1.97351 4.36480 .13160

NUCLIDE IS URANIUM 238

ITS NUMBER DENSITY IS 1,1000E-03 PER BARN-CM

MICROSCOPIC CROSS SECTIONS, IN BARNS, FOLLOW,

SCATTER ELASTIC ELASTIC TOTAL-FROM TO INELASTIC N-2N (PO) (Pl) TRANSFER

1 1 *06161 ,00339 4.52201 3,86047 4,59039
1 2 1.54761 *02155 o02559 -,69836 1,61630
1 3 996850 *00665 *00000 ,00000 .98180
1 4 .00000 .00000 .00000 .00000 .000002 2 *61045 .00000 5o29216 1,94066 5.90260
2 3 1,09910 .00000 .02288 .02651 1,12198
2 4 .00000 ,000cO 000000 ,00000 .00000
3 3 .37443 .00000 9.84668 1,32406 10,22111
3 4 ,00000 .00000 .00000 ,00000 .00000

GROUP SIGTR SIGR SIGA NUSIGF SOURCE
1 4.60208 3,17380 e60728 1.71666 .34170
2 5.31470 1.37928 ,25730 *39585 .52670
"3 9o)0674 e10969 *10969 -00000 .13160

figure 17d& Aomaka, 3 Past Groups, Chain 2, Continued
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V. The Calculation of Cross Sections and Related Constants

In this section the equations and mathematical expressions used

for the important calculations in the code will be developed. After

a brief discussion of flux weighting,, the theoretical methods for pre-

dicting the energy dependent flux will be described. This theory con-

sists of two major subdivisions, that for epithermal, or above thermal,

energies, and that for thermral energies. Finally,, the methods used to

calculate group cross sections, both epithermal and thermal., will be

presented.

Flux Weighting

The microscopic neutron cross section, represented by the symbol

aiiy mesue in crs sc

uY, can be defined a,; the probabiiy maueincosetonal area

I II

(barns)., that a neutron will interact with a nucleus in a specified

manner. The macroscol -. cross st-.tion E, is defined as

E= Na(1)

where N is the number of nuclei per cm. Thus, the macroscopic cross

section is a measure of the probability that a neutron will interact

with a nucleus per centimeter of path. If a material of macroscopic

cross section E is also populated by a neutron density n (0 n'/cm3 )

all with constant velocity v (cm/sec)., then the reaction rate R

(events/cm3 - sec) is

R Err (2)]

The product nv in equation (2) is defined as the neutron flux,

neutrons per cm per sec.

However, the neutron cross section is not a constant; rather, it

Inths etin heeuaios n mthmaialexreson7ue



is a funct.on of enerav. Therefore; the reaCttion rate in the

of polyenergetic neatrons becomes

* Co

R = so Y((E)m(E)dE (3)

where cD(E) is the energy dependent neutron flux, n(E)v(E), and where

E is the energy. The total flux is, by definition

T= c r(EdE (4)

In terms o. Ls total flux, cp, the reaction rate can be written

R = s (5)

where E is some average macroscopic cross section over the energy

range of interest. It follows, by equating the right hand sides of

equations (3) and (5), that this average cross section must be given

by Co
so Z(E)cp (E)dE

oi(E)dE (6)

or, in other words, the average cross section is a flux weighted

average of the energy dependent cross section. Of course a similar

expression to Eq (6) can be written in terms of the microscopic cross

section, i.e.,

0 a () 5 E)c (E)dE
. Y = •(7)

Equation 6 can be generalized to any energy range (limits on the

integral), say El to E.. in order to produce an average cross section

applicable to that energy range. Such averages are called energy

group cross sections, and may be expressed as
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E(E)cP (Z)ddE(
S=n + ( 8 )

where E, is the group cross section of the nth energy group

En is the lower energy boundary of the nth group

E. is the upper energy boundary of the nth group.

Thuh, in o'.de' to dezteAmie gkoap .Jco6&6 zection6 the va' .tion

o6 neuwton 6tux with eneargy mat be kAown. The eatceua~tion nece-6>6ait

to deteAm•ne the ene~gy dependent 6&ix 6aA exceed6 the cacut.atin

neee4maq to detezmine g9aoup c..o,6 6ec.tion6 6'om equation (81 above.

In this code all of Chain I is devoted to the calculation of energy

dependent flux. The shorter Chain II utilizes th.s flux to calculate

group cross sections.

The flux calculations performed in Chain I are in solution to the

energy dependent, Boltzwann transport equaticn under very limiting

assumptions and highly idealized boundary conditions. These assump-

tions and limitations are imposed for the sole purpose of obtaining

a usable solution. To attempt a solution for energy dependent flux

without such limitations vwould involve (for our purposes) a prohibi-

tive amount of calculation. In addition the Boltzmann equation is to

be applied, in this code, to two very different situations, the above

thermal energy region -where target nuclei kinetic energ.es or veloci-

* ties are negligible with respect to the neutron velocities, and the

thermal region where the velocities of the target nuclei are not negli-

gible with respect to the neutron velocities. These two situations
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recuire diff-rpmnt assumntions and houndarv nonni t.iom nrti hpnre- dif-

ferent solutions to the Boltzmann equation. At. it wu'. be 6een the

above thexmat, eneAgy dependent 'tux i6 deteAmnned by the method o6

mornent6 Aw e the themoal Stux i,6 deteiuined by the method o6 Wigne).'

and Witk•.

In either case we start with the steady state Boltzman.. equation

written for an infinite, non-multiplying homogeneous medium* -which

scatters and absorbs neutrons.

iu x CD(x,u,u) + Et(u) (x,u,u) = S(x~ u,1,

du E.u) 'dx, u', du) f ( .

where x is spatial position of the neutions,

u is the neutron's lethargy or logarithm of the energy, (Ref
7::146),

LA :)r U' is the cosine of the scalar angle, cosine e, between the
neutron's direction and the x axi.s,

-Uo is the cosine of the scalar angle, cosine P, through which
a neutron is scattered,

QD(x,u,u) is neutron flux in on1/cm2 - sec-steradian-unit
lethargy

Zt(u) is the lethargy dependent macroscopic total cross section,
Scm-

Z.(u) is the lethargy dependent macroscopic scattering cross
section, cm- 1,

diV' is the differential solid angle = sin ed9d0 = -d(cose)dZ = -duidO

f (u'-u; 4o) is the scattering frequency function or probability

*The cross sections -be generated by this code will frequently be
applied to e.dia which are either multiplf'ng, hetrogeneous or both
and always to media which aro finite. Without suitable corrections
this can obviously lead to error.
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that a neutron wifth initial lethargy u' and direction u'will# whin scattered, emerge within a unit lethargy interval
about u and within a unit solid angle about u,

S(x,u,u) is the source of neutrons per un t volume, per ,unit
lethargy, per unit solid angle.

The scattering frequency function and the macroscopic scattering

"cross section under the integral in equation (9) are frequently taken

as a product

2 8 (u', Jo) ,(u'. ) f(u' - u, Uo) (10)

Whe~e Zs (u' ,uO) i6 dej.ned as the mO.ce'o6 op.Ze dZ~j~e.wn~tiat .6 CatteJZin

cAozz 6ection in cm -1/ teradiu. The Boltzmann equation then becomes,

P L 2 (x,u,u) + Et(u)CP (x,u,i) = S(x,uP,)

+ SdC'SZ,(u',Lio)P( x,u',Li')du/ (nI)

The two directional coordinates, UL, ' and the cosine scalar angle be-

tween them, iio, are shown, in Figure 18. The cosine angle Lo .is
relate,. to u and W' by the law of cosines for a spherical triangle.

Fast Flux Spectrum and A a

in the energy region where target r.aclei motion may be neglected

(the epithermal, above-thermal or fast region) the Boltzmann equation

can be most easily solved by assuming that the source is isotropic and

consists of a plan3 of infinite area located at the coordinate posi-

tion x 0, i.e.,

S(x,u,) S(u) 6W (12)
4TT

where 6 (x) is the Dirac delta function at x 0.
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Figure 18: Neutron Scattering Diagram

1~th this assumption the method of moments wimy be applied to

find the fast flux as a function of energy. However, as it will be

t seen, the minimum calculation necessary for the flux simultaneously

*1 I

produces the neutron age as a function of energy. Since this

parameter is of some importance in eletrentary calculations it is also

tabulated by the code.

The appearance of the cosine of the scala.r scattering angle u,

in the Boltzmann equation, equation (9), immediately suggests the use

of Legendre -Polynomials. The Legendre polynuomials are

/= I

P W (3, a 1)
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andGL 1 . general,

nP(U) L (-l)c(2n- j)! (_13)

2 nj=O J.(n- 2j):(n- jN'

where m = if n is even or zero or m = ½(n-I) if n is odd.
i2

These polynomials obey the orthonality condition:

+1• 2 o(14)SP.(u)P.(u)dp = - 6.

where 6- Kronecker Delta = 4( 1

Other properties which will be useful are (Ref 12:115)

2 TT P.(LUo)d0 = P . Pn(u' )d(

where 0 is the plane angle shown in Figure 18, and

uP.(u) 2n+l P.+J4U) + 2nl P.,(U) (16

2n+ 1 2n +1 (6

"For further information on Legendre polynomials, the reader is ref-

erred to Churchill (Ref 3:200-203).

The flux in equation (11) can be expanded in terms of these

Legendre polynomials as

co,

ýD ((x,u,u) =7 2n+l CPV(x,u)P"(u) (17)
n0O

Similarily, the scattering term may be expressed as

E. (u'u°) =7 2m+i .;(u,)P.(uO) (18)i-----= --- =---M=O 4 TT

Note that both the indexes m and n are required since the integral

term in equatior (11) involves both the flux and scattering terms.
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By using the orthoganallty condition, equation (14), it is also easy

to show that Tokx,u) is the all angle rlux and Ti(x,u) is the net neu-

* j 1tron current of diffusion theory. Similarly applying the orthogo-

* I nality condition to the scattering term results in

zosu ) = F.(u') (19)

Si•(u') = i7E, (u') (20)

where E,(u') is all-angle total scattering cross section at lethargy

u', and U is the average cosine of the angle of scatter in the labora-

tory system.

The substitution of the source given by equation (12) and of the

expansions (17) and (18) into equation (11) yields

Ii f{ 2n+l o Cq(xu) Lp(U) . 2n+- .t(u) CDC(x,u) P.(U) - S(u) 6 (x)
n h• •x0 hrrn=O T X4n T

S d Cu du' r 2m+1 E:U')r(Uj j [2n+flZCaT(xu')Pncu
0 %=O du TT 4rr

(21)

If the recurrence relation (16) is used in the first term of (21) and

if the integra] relationship (l1) as well as the orthogonality property

(14) are applie~d to the integral term of (21), we obtain

-{[(n+l) P,+i~p, + n Pn- 1 (U)] +• ox
n=O

(2n+l) Et(u)• (x,u) P. (u) = S(u) 6 (x) +

(2n+l) ?,(U) du' Es(u') cm=(x,u') (22)

Equation (22), a single equation with an infinite number of terms, may
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3 ~be transformed into an infinite number of coupled equatio'ns. each with

a finite number of terms by employing the orthogonali-ty condition

given by equation (14t). This transformation is carried out by opera-

ting on equation (22), term by term, with

S(U) P (ueq. (22)) du, A = 0.1,2, .... (23)

The re~sults are:

2-= 0: + i(xu=

+ Et CDO(X Cu) = oZ',( P (x,u')du' + S "(u) 6 (M)

i6X

2 1:

2 W , (X,u) + 1co P0(x, u) +U Ru' (co1(xu'))
3 ;X +3 oxu' + 7-txTu')du'ý

1 2:

5 6c~x~u + 5 ) x~u + Et CP2(x,u) E.(u') cp,,(xju')du'

(24)

If equations (24) are truncated by assuming that cp2y 1 x~)

.. becp(xu) are zero, then a solution of the remaining finite sAt is

possible and the result is known as the Po approximation. The index

I may have any value, o.g. Ps. The flux in such an approximation

would be found by sueniing

5
CD (XU,u) =° 2n+lT2 (xu) p2(U) (25)

4tr,
2,=0

However in this case we are not so much intertusted in the flux,
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Ei, (, )as we are in the volume, angle integral of the flux, i.e.,

. (u) d .x d. -. (x,u, u) (26)

which i the buic enevy dependence o6 the tux, which we seek. E•iua-

tion (26) is merely the Zero moment of the spatial distribution of the

total (all-angle) flux. The higher moments would be

aU) = dx dO x (x,u, u dx dQ.D(x,u, u)

(u) -- d dx dh x(x,u, u)

• , " ( 2 7 )

For the plane source which we have assumed, it is obvious that the odd

moments 9" ... must be zero in value.

Although we cannot calculate PD(x,u, u) exactly (a P, calculation),

we can calculate the moments exactly using some properties of tVe Four-

-ier integral transforn. on the spatial variable, i.e., (Ref 18)

cD " (x, U (x,U) e- dx - (p,u) (28)

It can be seen that if equation (28) is written for £ = 0 and the

"special case p = 0, we have exactly the zero moment of equation (26),

i.e.,

"0 (u) I o(pD,U) (n9) ,

(Recall that "-(X,U) = 5(x,u,Q) d-. )
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Thus we Fourier transform equations (24) using the properties

(Ref 18)

- } ip e(p,u) (30)

and

OF f6(x)l 1

to obtain

ip 81(pu) + Et(u) eo(p,u) S(u) + E Zt(u')eo(p,u')du' (31)

1ip ocp,u) +Zip 2 (p,u) + 2t(u) 0 
1(pu)

3 3

ýuo 5-.(u') 0
1 (p,u') du' (32)

ip e1(p,u) + ip e n(pu) + 7t(U) 0 2 (p,u) =

rpU

Jo 7,2 W) 82(p,u')du' (33)

We note that th transformed Pn equations are valid for any ar-

bitrary p. We are, however, interested in the specific point p = 0.

This suggests the use of the Maclaurin expansion. The Maclaurin ex-

pansions for 00 (p,u) and e1 (p,u) are chosen as

eo(pu) =0(u) + (-ip) 00 (u) (-p) (34)
"2,

9 (pu)= O1(u) + (-ip) O.1(u) + (-i) e8(u) + (35)1-- 2!' 1()+(5

where the argument of the Maclaurin expansion is (-ip) rather than p
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for reasons which will become apparent in the discussion on age below.

The primes denoting differentiation in the expi ,n have been re-

placed by supercripts. That is

egC(u) 9-90(u) (36)

Under this notation we note that the zero moment is symbolized

-go (u) (37)

Davison and Sykes (Ref 5:343) show that the n-th moment of the

neutron flux can only involve spherical harmonics of order n or less.

Further, they show that due to the odd-even nature of the functions

involved

X 02(x,u)dx 1 0 (8

only when both n and f are both even or both odd. Therefore, in the

equations for the second moment of the flux (to be derived) only

0), eo,... and 91 8•, ... will be non zero. Thus the Maclaurin ex-

pans ions become

0eo (pu) 0 o(u) + 8o2 (u) + ... (39)2 0

9e (p,u) (-ip) e@ (u) + -iP) 93 u) +

~~~ 1 •(u . (40)
:_-• 3

By substituting equations (39) and (40) into the transformed P.

equations, equatiors (31), (32) and (33) and equating like powers of

-ip.we finally obtain the moments equations which are:

"u oo
(-i P1. 4 ,(u) 90 (u) = S (u) + 0Ou)• (u)du (41)

: (-io)' { .(u) '[ Cu) - "o + u)(ul) 91(u') du'l ¼2)
3 ýO
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II

1(_ip) 2 i TZ(u) 9g(u) = 26'(u) + u •0(u,) e2(u,) d,' (h34)

(-ip)3 {0~u ~u ~u ~() 2u)O(' u W&

It rmat be empha6ized that thehe moment6 equation6 me kig3otou6. The

6phex&aZt haAmnic expan6wn wd6 quie genv~aL and not teanated at

4ome 6inite t.

Equation (4i) alone is sufficient to calculate the zero moment,

00 (u) (which, again, is the volume angle integral of the energy depen-

dent flux); equations (t'l and (h2) alone are sufficient to calculate

0'(u); and equations (11l), (h2) and (h3) alone are sufficient to cal-

culate 02 (u). This permits a direct determination of neutron age.

Neutron age In a slab geometry is defined as one half of the second

Gpatial moment of the flux,

T = 0 %(2) (45)

But the second spatial moment is given by equation (27) which can also

be expressed as

()(u) x' cp(x,u,i) x cp(x,u) dx

,: :dx 5 dQrp(x,u,u) 5 po(x,u) dx

9- X2 xp o(X,,.)J=9f) =0o (h6)

T[ •o(x,u) 1 0.
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Si nce

x (X, U Z) (47)

(another Fourier transform property, Ref 18), it follows that

1 L

L = e(2)1 8pZ it i e2 [(_i)a 62(u)] 0o(u)

[90 (pu)]9 = 0 100[o(u)] 90 (u)

So that a simultaneous solution of (41)) (42) and (143) yields both

the desired energy dependent flux [(0(u)] as well as neutron age

S[½ (u)/i(u)]. It is important to note that these quantities were

determined without truncating equations (31), (32) ....

Recall that the purpose here is to develop a few-group machine

program to generate group cross sections and other related reacztor

constants. Therefore, tne moments equations must be put into multi-

group notation, and integrated over a specific lethargy range u• to
". ~+

un. Consider the zero moment equation, Eq (41) In group form it is

÷. +

7U t(U) (u) du = u S(u) du +

+
-=,du -.Zo (u/) 00(u') du' (49)

From the definition of a flux weighted group cross section, Eq (8,it

is easy to see that the first term becomes

un t k (U) ý'o (u) du E. 90o (0

where Zt, is the rmacroscopic total cross section of the n-th group and
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U

is mhe total group flux. (Remember that, in this case the trans-

formed flux has the property of being equal to the spatially integra-

ted all angle flux in real space.) Similarly the second term is

U,
U S(u) du X, (51)

where Y, is the fraction of the source emitted in the n-th group pro-

viding S(u) is a normalized sovrce. The last term

du o 7. (u') 0'o(u') du' (52)

can be considered as a group of n double integrals where the integral

from o to u on dul has been broken into n interval,, lu', Au', 'up,...

It is important that the integration be carried out on the variable u

first since tne limits of integration on u, i.e., u to u0+, are ac-

tually functions of u' and the maximam Au of the scattering nucleus.

Thus the last term becomes

+ +

du • d u ,,.(u') 0o(u') du" + -u" du A' E°(u') O°(u')du'

'~;du5 FY(u') dii' +ýu• nu-1

S du , E,(u') 0o (u') du' (53)

Now, each double integral, say the j-th, is a measure of the neutron

scatter transport from the j-th to the n-th group. Thus this last

term, Eq (53), can be written as
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'z'0  no, 0  go + •o o
-81-.n 0 'S.2-! A0 2 + r so-n O+

• n

j =1

Substituting Eq (50), (51) and (54) into Bq (49) and rearranging

terms yields•. • n-I
- • ~ ~(ztn - 78,,_o) 8o =y• +'ro.j- eog°

j=l

or n-i
.-0 0-. (55)

where Ern is the macroscopic total removal cross section from the n-th

group, that is scatter removal plus absorption removal. Note that

this equation is essentially a neutron balance. Treating the first

r'oment equation .imilarly yields

0 n-I
=.• -= -- , on 91,.

Z' S e1  - 14_ (56)
3 j=l

Equation (56) is the neart of the difi rence between the multigroup

m•.-ents method and tra age diffusion methods. Not,, Ltiat the dif--

feren. -. term rmltip lying 01,, on the left is not t.Le common transport

cross section, in that it only subcracts away the within group scat-

tering term. Rather than assume that collision densities, (E C0o ), ar..

slowly varying, this method explicitiy accounts for the linearly

anisotronic terma Z,. Using the term

-( z-_) (57)

Fq (56) becomes ao n-i

A2 + ) •J-oel. (58)
j=l
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E-Finally tlhie second (ioment equaLiun can be written

n-i

92 =29' + S) -eg (59)
S~j=l

The group age, T., may be defined in a similar manner,

T J[ T(U) go(u) du
S~Tn... (60)

An Go(u) du

However, group age must be more carefully interpreted than group

cross sections. The only average age whict, has any meaning is the

average age of neutrons. which leave tue group. Therefore, T,, is

always to be associated with the lower energy boundary of the group.

By equaticn (48) group age may be written as

T, 2a-o (61)2 o0

oro

This may be rewritten by dividing equation (59) by 2 , eo to yield
n-l

,. 1 " •.-no (62)

n o n j = l

But, o can be expressed as

0 2 90. J(63)

Therefore, the group age expression becomes

n-i
T,+ 009 (64)
'-n 'on

Finally by defining a, as

7n ( r O %65)A
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I I j --

j=l(3J

n-i
8' a 1

n-1

T,+ X- - rj (68)
c j=lor

where N = total nuclei density, nuc ei/cm3 x 10- 24, and tie ca's are

the respective microscopic cross sections in barns with the subscript

notation the same as in previous equations. The group fluxes, the oo

and the group ages can be determined by solving tne above equations.

Cross section data is read in from a cross section library, which will

be discussed later, and calculation is begun with group one where the

scatter in term is zero. Calculation proceeds consecutively through

all remaining groups down to lethargy 17 (0.h14 ev). All group fluxes

are then normalized to 0(16) = 1 in order to be normalized to the

thermal flux at the same value. It should be noted however that the

input cross sections are generated from a mokified version of GAM

(Ref 13) which does not include t:ae effects of rescnance absorption.

Therefore, resonance absorption must be accounted for in the code.

This is done by calculating the resor-nce escape probabili ty.

Resonance

The resonance escape prohability is the probability that a neu-

tron will escape resonance capture during slowing down and is given by

Murray as (Ref 16:62)
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p exp L oE (Ej (69)

where p is tzre resonance escape probability

Eo is the reference energy, usually 1C 1•4v

. is the average logarithmic r.iergy decrement per collision

II

2 e is the m~acroscopic absorption cross section, cm-1•

Sis the macroscopic total cross section, cm-

Murray also points out that the exponent in Eq (69) may b written as

N• ~ aE dE :•
- \ E (70)g , E N

_S I +

.where A is the nuclide densi y of the resonance absorber x 10-4 per

j a is the microscopic absorption cross section of the resonant

absorber, barns

and Z, is the macroscopic scattering cross section, cm- 1

Note that the term in the integral (70) aepends on the total scatter-

ing cro-s section per absorber atom :,/NA which is a function of the

moderator-fuel ratio. The integral term in (70) above, defined as the

resonance integral, is usually approximated oy empirical eapressions.

Isbin (Ref 11:459) list- some of these expressions:

(for U2 3s)

(pR).ff =2.69 (4 O* 7o.0

(7728.)0 (71)
N N2 8

* 4tn(RI).r• = 5. 6 4 - 163 - > 4c0% (72)

(/,/N, 238 ) .68 N23

91i-;

91f

i I - I
i Li'



and "-Ri ..f .. 20 for I

and ror T Io=

(RI).f -- 03.33 NO-2. 00 '03)

(RI). r = 70 45oC (74)
N

where (RI).ff is k.he effective resonance integral in barns.

Z, is tie macroscopic scattering cross section of tne mixture

over the resonance region, cm-.

The resonance escape probaoility given in equation (69) taeen becomes

p = exp [- (Rl),,:f NA/! 8 ] (15)

where the F E, is for the mixture.

The effect of resonance absorption is the-n itrodu-ed into equa-
tions (55), (56) and (59), the moments equation2, by increasing t••.

ar9 and ajo (resonance takes place .- groups 9 and _j). tnru the

equations (Ref - :1/9)

= " (76)

wnere Cr*" A, (HI)• %U (77)

where o ~ microscopic removal cros- section of proup n, barns

A, = an e.hpirical factor to apportion the resonance absorption

between groups 9 and 1U.

Au = the lethargy interval over which resonance is effective.

Murray gives a vaLie of 5.5

Ihis has the effect of reduc:ng tne downscatter to gi-oups 10 and ii by

appropriate factors without viola-ting neutron conservation within the
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groups. The code allows the user the option of providing his own value

of (RI).f should he so desire.

The equations for determining the fast flux spectrum and age are

now complete. The equations specifying the thermal flux spectrum are

developed in the next scction.

Thermal Flux Spectrum

In elementary reactor physics the thermal flux spectrum is usu-

ally assumed to be in thermal equilibrium with the moderator producing

a Maxwellian distribution. This is not true however since absorption I
removes neutrons and thus disturbs the equilibritm. On the other hand

the moments equation used for epithermal energies can no longer be

used since they take into account only downscatter, whereas the possi-

bility of upscatter must be considered when the energy of the modera-

ter nuclei is comparable to the neutron energy.

Wilkins (Ref 20) derived a second order differential equation

which describes the thermal neutron spectrum in an infinitely iheavy

Maxwellian gas and allows absorption. The thermal speztrum generated

by this code is calculated by solving the Wilkins equation. This solu-

tion is expressed in terms of a cross section determined parameter,

the absorption parameter, which in turn (in the case of a mixture of

nuclides) is expressed in terms of the thermal utilization, another

crcss section oarameter. These two parameters are developed next,

followed by a developmnt of the Wilkin's equation.

Thermal Utilization

The thermal utilization f, is defined as the ratio of thermal nea-

tron• absorbed in fuel to all thermal neutrons absorbed or,
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where vf is the volume fraction. However, the tiermal neutron flux in

the fuel elements of a hetergenous reactor will be depressed due to

the strong absorption in the fuel. This effect complicates the cal-

culation of the thermal utilization. The proper expression in the

case of heterogeneous reactors is (Ref 16:&7-83)

[-if F + (E-i) (7')

f L 7f 7.1f';

where F = Kow coth (Kow) (in the case of slab geometry)

E K1(W-w) coth [KI(W-w)" (For cylindrical geometry see Ref

". = E16:87-88)

-- • K, = /Dj

W = half the distance between fuel elemrent midpoints

w = the distance from the ;rdmid•oint of the fuel element to tne

boundary of the fuel element

and the subscripts 0 and 1 refer tc; fuel and moderator respectively.

In effect F is actually the ratio of the flux at tne fuel surface to

the average flux in the fuel while (E- 1) accounts for the fact that

tne flux in the moderator rises from a ninirzu at the fuel element to

a maximum midway between elements.

in the code tae F and E factors must be read in for heterogeneous

cell Calculations but, they are assumed equal to unity for homogeneous

systems. Tn the case of heterogeneous reactors in wahich thin -losely

spaced fuel plates are used -:ne systen can be assumed hiomogeneous from

a calculational point of view.
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2 Aa.(E) /_/kT (80)

where A = nuclide mass, amu

k = Boltzmann's constant in MeV/( K)4

T = temperature, deg. Kelvin

Since -A is used only for thermal calculations, 9,(E) is assumed con-

stant and a ,(E) is assumed to vary as 1/v. Then

2AG ,oA - •, (81-)

where oa, = microscopic absorption cross section at energy kT in barns.

Weinberg and Wigner (Ref 19:337) point out that for a mixture of nuc-

S]~ides the absorption ,arameter should be divided by the factor (1- f).
Therefore, to find the absorption parameter for a mixture of nuclides

the following equation is used:

_ _!

(1f (82)
Si(]- f) E i

where Z= total macroscopic cross section of the i-th nuclide, and

the summing variable i, refers to all moderator nuclides.

The Wilkins Equation

The Boltzmann transport equation for steady state conditions in

an infinite homogeneous medium was given in equation (8). It is re-

peated here for convenience.
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B U -ý-n(xuu) + (u) '(x,u,u) S(x,u,u)
-ix

d Y^(u') "(x,u',u') f(u' - u; u )du' (0)

0

However in the thermal case we shall take the source, S(xu,u) as

zero, and introduce the neutrons as a boundary condition by specify-

ing some arbitrary number of neutrons slowing down past the upper

energy limit of the trmal group. In the absence of a source and be-

"cause the media is infinite the variation of flux with Loth spatial

position and direction disappears. That is 0(x,u,u )= 0(u) and

••0(x,u,u) = 0. Thus the Boltzmann equation becomes

"[E.(u) + (u(u) u) . (U) . (u'- u) CD(u')du (83)

or in terms of energy

[Z.(E) + L.(E)] T(E) = E(E' - E) ýD(E')dE' "84

where the limits on the integral are correctly o to = because of the

the possibility of upscatter as well as downscatter.

mm i where

--- •E.(E) = Z.(E-E')dE' = %_.7s" '" f(u*-u)du' 85

_fand .. (E-E')dE'/Y-(E) is tae probability that a neutron at energy E,

•-•:--will be scattered into the energy range E' to E' + dE.

"Both Hurwitz (Ref 10) and Wilkins (Ref 20) solve this equation

for a heavy gaseous moderator. Hurwitz's solution is more easily

followed and his method will be used to develop the ýilkins equation.

According to the principle of detailed balance for neutrons, in
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U the case of zer-o absorption

7('- E.) M(E') = (E -E') M(E) (86)

where M(E) = tite Maxwellian flux at energy E. As Hurwitz states, i
"This [is] a property of tne kernel which is independent of the flux".

Using this, equation (84) can be rewritten in terms of the new variable

where T'(E) is tne deviation from a Maxwellian flux. Thus equationj

(84) becomes

Hurtitz then uses a Taylor series expansion of T (n) about the point

E' E to give

T (~1 E) Td' !L lEdE ' (89)

where YE = 2(2kT -E)/A (Ref. 10:283)

and A =mass number of the moderator nuclei.I

Substituting for GE and E2 in eqliation (89) yields

Ek Td + (2kT-.E) d - -

-- __dE 
2  dE 4

w.cre A is the absorption parameter defined by equation (81).

It is convenienrt at this point to introduce a new variable x

which is a dimensionless velocity defined by

x = /ýT(91)

In terms of this new variable

x2N(x) 2 ?Er(E) =2cD(u) (92)
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3and Y(E) = Cx-2 axp (x') N(x) (93)

where N(x) number of neutrons at velocity x and C is a constant.

-- E. Now noting that

= (E) f (x) (054)

VY(E) f'Cx) d1("
dE

T_-- ",(E). f,,(x) f,(x)' FAx r (96)
dE dE1 L d (96

where - = - and -- 1 (97)
dE 2xkT dE2  h(kT)2 x 3

and where the primes denote differentiation with respect to tne res-

pective independent variables.

We find that
Sexp Wx)3-2 4

TIM 2 () x- N'(x) + (2x- - 2x-) N(x)) (98)
-- •--•2 kT

Y-- "(E) exp (x) { x-4 N"(x) + (4x-3 - 5x- 5 ) N'(x)
h(kT)

2

( 8x-' - 8x- 4 + 4-x) N(x) } (99)

Substituting Eq (95) and (96) into Eq (87) results in the well known

_* Wilkins equation

_x•N"(x) + (2x2 - l)N'(x) + (Ibx-A)N(x) = 0 (100)

This equation is solved by setting

N(x) = x' exp (- x2 )M(x) (101)

which converts Eq (100) into

- -xM"(x) + (3 - 2x•)M'(x) AM(x) = 0 (102)
i I This equation is solved by the power series method. The method is

* straightforward and for an expansion about the point x = 0 results in
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M(x) = -. x(03
X0 (103)

n=O

where a, a0

A2
a,, a -2

1
a n(n+2) [2(n-2) an- 2 + A a,_,]

and a. is arbitrarily set equal to 1. Equation (102) can also be ex-

panded about the point x = a. In this case by letting x -a = V, Eq

(102) is converted to

(V+a) M'"(x) + (3-2V2 - 4Va-2a 2)M'(x) -_AM(x) 0 (104)

and the solution is

M(x) = ' bn(x- a)" (105)

n=O
where 1

b,, [b.-1 (n-1) (n -1- 2a 2)-a(l - n)n

b,-L ftsa(n-2) + A) - b._ 3 2(n-3)]

In the code the values M(x), M'(x), N(x) and x2N(x), (which is

O(u)) are calculated at every 0.25 lethargy ihtervals beginning at

u = 23 and continuing to u = 16. The calculation employs Eq (103)

for the first point then uses Eq (105) for all subsequent points,

the point x a used in Eq f105) being the point x in the previous

calculation. Terms are added until relative contribations of addi-

tional terms to M(x) and I.' (x) are less than 10-6 relative value. All

thermal fluxes are normalized to 0(16) = 1 to match the epithermal

fluxes from the moments calculation. To arrange for the proper in-

crementing of the variable x, such that Ax corresponds to 0.25 leth-
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argy units, the following is used:

X(U= 2 3  exp [I.- 115)(l01a/8.616T)2] (106)

xe= x1 + Ax (107)

Ax = x ILexp (.12 5) -] (108)

T is temperature in Kelvin

Thermal Constants

In the code the thermal range is arbitrarily defined as 0 to 1.25

av which is - to 16 on the lethargy scale. All therinal constants are

calculated for this interval.

Most Probable Neutron Velocity

The most probable neutron ther.mal neutron velocity is found by

locating the peak of the N(x) vs x curve by the code. However, since

values of N(x) are foillnd for 0.25 lethargy units, the value of v. is

not exact. The true probable veloc. ty is

vp = [x(16,500 T)]x = xx (109)

(T in 0 K)

Average Neutron Velocity

The average neutron velocity is found by Sq (103) except that the

equation is evaluated at x = 3E, which is the average x, rather than at

x = xv. The average noraalized neutron velocity 5E is

,x(u = 1.6 )
x N(x) dx

>x(u = 16 )
so\ N(x) dx

The integral over N(x) can be found by integrati.;0, Eq (100)

S t xN'(x) + 2(x 2 - 1) NCx) (hi)

N(t) dt =100o A
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N'(x) 2 [x' exp (-x•2 ) '(x)]{-.--." +

exp 2 - x 2) M'(x) (112)

Thermal- Diffusion Length Squared

The thermal diffusion length squared is defined as one sixth of

the mean square distance a neutron travels from the time it becomes

thermal until capture. The total distarce r, a neutron travels in

making n collisions is

r=-11 +r 2 O 2 +r 3 03 + (113)

where r, 0 1 is the magnitude and direction vector of the neutron be-

tween collisiuns. The total mean square path is the scalar, or dot,

product of equation (113) with itself. Note that the cross proiuct

terms will involve the dot products of the various neutron direction

vectors 01, and 1 • j = cos 01 j where ei is the angle between 0.

"i . But for isotropic scatter the angle O1 t between two successive

paths i and j is completely random. Thus, there are as many positive

cosines as negative ones, and on the average, cancel each other out.

So K"X k =I r (114)

k=l

where k is the collision number and K is the total number of collisions.

It can be shown that any rk is twice the mean free path squared for

that collision (16:278), therefore

2 = (115)=a~ 2Xa= 2K X.2 =2K/£•(I5
k

k=l
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* jwhere Xis the average neutron mean free Path over the thermal range,

Et is the total average thermal macroscopic total cross section

cm

Sims (Ref 17:14-16) shows that n, the number of collisions a neutron

makes is equal to tne ratio of the scattering rate to the absorption

rate. Hence, equation (115) becomes
i S1. 125 cv

2 E 0 (E) dE
V 0 (116)

1.12as 87
iEta S E.(E) O(E-) dEE

Now, the thermal diffusion length squared, L2 , is one-sixth this value.

The quantity Et can be found by assuming that Z, is constant and E.

has a 1/v dependence in the thermal range. Since x = /-7j, L2 can

be written as
S.,X 0'xo

F, x N(x) dx
L 2 ,(117)

3 T2 E.0 N(x) dxm0

* or

L= (118)

where xo = x corresponding te 1.125 ev,

Eao [x E(X)] 1 •, the most probable value. Howerer, • is

itself an average and can be rewritten as

TE + T.(119)

where
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30 E.(x) XN(x) dx
= ~,o -- (120)

j xNkx) dx

Nence +he equation for L Can finally be written as (Ref 17:32)

a,.
4 ~~3 a ~.. + U..(x) N](1)

where N is again the nuclei density x 10-2 cm-j

Ur is the microscopic cross section with subscripts t,%- same as

befoxe, in barns

Sis the average normalized neutron velocity and the energy

range for the calculations is understood to range from 0 to

1.1.25 ev in the code.

Migration Area.

The total migration area is

m m :

M 2=L a+ TTh!12

where - his the age to thermal.

In th'e code the migration area is found by adding the moments
methods age to lethargy 16 (1.125 ev) to the value of L 2 computed from

lethargy 16 to ~

Therma± Cross Sections

Mhe 2200 rn/sec cross sections for the appropriate nuclides are

input. data to the code from cross section libraries. However, these

cross sections must be adjusted to compensate for temperat-ures above
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constant, the thermal cross sections are adjusted accordingly and then

used in the thermal calculations. Finally the thermal cross sections

are adjusted to accowut for deviation of th3 thermal spectrum from Max-

wellian. The proper absorption cross section is

S= a-- (123)

and the transport cross section is

a-t. = 0, (1+ ia) (12b)

where the term (1- u) is also input data from the cross section 11-

braries.

Actually, an iterative procedure should be used. In Eq (123),

Oao = [x a,(x)]x - However, the thermal cross sections read into

the program are 2200 meter/sec cross section values. They are then

adjusted for temperature, assuming that the flux is Maxwellian. But,

when the flux is not Maxwellian the most probable thermal neutron

velocity X. is not equal to x. for a Maxwell-Boltzmann distribution.

Therefore, tne value of xp used in calculating Goa may not be correct.

The correct procedure would be:

(1) adjust the absorption cross section using equation (123) at

the end of the thermal calculations.

(2) re-input the value of F. calculated by equation (123).

(3) recalculate the thermal spectrum using the new value of a.

(4) return to step 1i) above until a, remains constant.

To keep computer run time to a minimum the iterative procedure
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shown above is not used.

Cross Section Collapsing

The theory presented in the previous paragraphs is all incorpora-

ted in Chain I of OLD BARNYARD to produce flux as a function of

energy, both epithermal as well as thermal, in an infinite arbitrary

mixture of nuclides. This energy dependent flux is expressed as a

histogram of 11 epithsrmal values and 9 thermal values. These flux

values are employed in Chain II to calculate flux weighted average

cross sections over any number of epithermal groups from 1 to 11 and

a thermal group. The exact number of epithermal groups, called broad

groups to distinguish them from the input fine groups, are at the

specification of the user. The boundaries of the broad groups are

restricted to values which are boundaries of the fine groups.

Broad group cross sections are calculated from the formula

CPI CT
BG

i (125)

i

BG
where a. is the microscopic cross section of n-th kind for a broad

group

CP is the total flux of the i-th fine group

a , is the microscopic cross section of the n-th kind for the

i-th fine group.

The interrelationships which exist among some of the cross sec-

tions output by the code is not always obvious. The following expla-

nation, therefore, may be useful.
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Total Transfer

The group to group total transfer cross section is that value

which when multiplied by the losing group flux gives the rate of trans-.

fer from j to k and is the sum of inelastic, elastic (PO) and twice

the n-2n cross sections from j to k. Note that elastic (PI), does

not contribute to total transfer.

Removal

The removal cross section is that value which when multiplied

by its broad group flux gives the rate of removal of neutrons from

that group. Thus the vemoval cross section is the sum of absorption,

inelastic, elastic (PO) and the n- 2n removal cross sections.

Transport

The transport cross section is defined as

ptr = Et - U +z = Et - z. (126)

Thus the transport cross section is the total cross section minus the

elastic (P1) cross section. The transport cross section is calculated

as the sum of inelastic, the n- 2n, absorption, and elastic (PO)

cross section. The transport cross section thus includes both within

group and out-of-group scatter terms.

"OLD BARNYARD" was written to assist professors and students en-

gaged in a reactor physics course. It does this by providing the

"few-group cross sections and related constants usually required to

solve problems assigned in such a course.
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The code calculates tue energy dependent flux necessary to rlux

weigh the group cross sections in the first of two sequential chains.

The epithermal flux is calculated by the neutron transport, moments

method, and the thermal flux is calculated by solving the Wilkins

equation by the power series method. Resonance effects are included

by the use of er..,irical equations. The second chain collapses the

eleven fins epithe'rmal groups to any number of broad groups from one

to eleven.

Finally one should always keep in mind the limitations of these

calculations, The accuracy of any output is dependent on the input

cross sections employed. It must be remembered that the input, eleven

group, cross sections are the result of collapsing the 68 group cross

sections from GAM-l using two specific standard problems. This large-

ly limits the accuracy of the code. Also, the calculation of the most

probable thermal neutron velocity is only accurate •-ithin 0.25 lethargy

units. At the present time resonance calculations are effectively

limited to one nuclide. This is because chain two includes resonance

absorption in calculatirg the broad group cross sections. If two

resonance nuclides are included in chain two, the resonance absorp-

tion effect is, in effect, counted twice by assigning all the resonance

absorption o.:curring in the mixture to each of the resonance nuclides.

Finally, the equations developed in this ' ter and used in the code

inherently apply limitations. Recall that the moments equations were

based on an infinite homogeneous medium and a plane source of infinite

dimensions at the origin. Similarly the Wilkins equation is applicable

to an infinitely heavy Maxwellian gas and a source free medium.
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Appendix A

Glossary of Symbols Used in Chain One

The fcllowing is a list of All variables used in chain one of the

code. The abbreviation "ae" is defined as atom fraction. See

Appendix F for an example of the scattering matrices. In the scatter-

ing matrices the elements of the matrix, a~k, are defined as follows:

a diagonal element if j=k, an upper triangular element if j<k, a lower

triangular element if j>k.

Name Location Meaning or Use

AN 0804 a in -the recursion formula of eq (100)S~n

0805 b in the recursion formula of eq (102)
n

INI 0503+01 anl in the recursion formulas of eq (100) and

eq (106)

AN2 0503+05 an- 2 ii. the recursion formulas above

AN3 0805 an-3 in the recursicn formulas above

AFFP 0810+01 The area under the N(x) vs X curve (see eq 108)

AREAX 0809-03 Summing variable to find the area under the
xN(x) vs X curve

ATOMS 1061-01 The last five alphameric characters of the nth

nuclides identification

1025+03 A summing variable for use in the first moment
equation, eq (64)

k-l n + E + 2 En2n
s k-i Er n~n J-k
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Na Location Meaning or Use

C 0810 N'(x) see eq (109)

DELTA 1061+02 Absorption parameter of the nth nuclide

0503 Absorption parameter of the mix

DENBR 1061+01 Total nuclide density of the mix (atoms per
S~barn-cm)

DENS 1061-01 A code number used in chain 2

1051+04 The quantity rl/ 3 (EMGTn E Rn] for use in eq (65)

DSUM 0806+04 Summi-.g variable for terms of the derivative of
1M(x) from the Wilkins equation

DTERM 0806 Derivative of the nth term in the power series
expansion of the Wilkins equation

E 1002+01 The E factor for heterogeneous cell calculations
E = 1 for homogeneous mixture

ELSQRD 0851+02 Thermal diffusion length squared

EMSQRD 0852+01 The migration area

F 1029+01 A normalizing factor such that F[FLX(l0)1 = 1

0808+01 The value of N(x) for the point x = p

S0816+01 Flux per unit lethargy x2 N(x)

0810+04 A normalizing factor for thermal fluxes such
that ds(u=16) = 1

0109+02 Storage for the maximum group flux. Used to

normalize the flux spectrum to a maximum value
of 100

FF 1002+01 The F factor for heterogeneous calculations:
F = 1 for homogeneous mixture

FIS 1061+02 A ccede number: Is this a fission nuclide:
0 = NO, 1 = YES

FLX 1027 The group flux times the removal cross section.
It is a in the moments equations

1023 The group flux per unit lethargy

illiI|
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$tE---- woo I4m I~~n.,

I 0500+08 Internal index used to read data for all
nuclides in the mix

0503+09 Index used to identify the energy group in the
thermal calculations

II 0814+01 A gate for locating the peak of the N(x) vs x
curve

0108 An initial valut- for the index J in SS 109+01
if a thermal calculaticon was not performed

IIN 1006+03 The maximum number of groups, below any
scattering group, to which scatter occurs

IN 1006+01 The number of groups from which scatter occurs

INDEX 1043+01 Code indicating what source has just been read
in

J 1065+01 Internal index used in various DO loops

JJJ 0995 A code number for the type of resonance
absorber: 1 = U or W, 2 = Th

K 1065+03 A gate to determine if the desired source has
been read in: 0 = still seeking source, 1 =
found source. Read rest of source deck into
a dead end

3014 Converts log (FLUX) to an integer for flux
"spectrum printout

YK 1007-02 The group number of the lowest group to which
scatter occurs, from a given group

0112 A sorting variable in outputting the fast
fluxes

3001+01 A gate to separate thermal and epithermal
fluxes and a counter to sort the epithermal
fluxes

KKK 0500+01 A gate to initialize TSIG9, TSIGI0, and PSIG9

KKZ 1067+02 A gate to index KZ by increments of 2 after the
first elastic (PO) and elastic (P1) are stored

KZ 1067+0)1 A counter used in sorting the XSAM's
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Name Location Meaning or Use

LE 2002+01 Index used to convert the k index of a -k of
elastic (PO) and (P1) for prope.r storage in
the lower half of the scattering matrices

LGP 1001 Subscripted variable to read the problem I. D.
card

1047 Used to print out the group with the unit
source

1050 Identifies source as users own

LQ 1061+02 A code number: indicates type of elastic
scatter: 1 = (n,n*), 2 = (n,2n), 3 = both,
4 = neither

LS 1061+02 The number of entries in the cross section
library starting on the second card (except
vaf if present)

2002 Index used to convert the j index of a. of
elastic (P0) and (P1), see LE above

M 1067+01 A code number: indicates type of media:
0 = homogeneous, I = heterogeneous

MOD 1067+01 A code number: Is nuclide: 1 = moderatot.,
2 = fuel, 3 = other

NA 1061+02 A code number: Is epithermal absorption
appreciable: 0 = NO, 1 = YES

NEW 1061+01 Number between 2 and 21 indicating sourc.a to
be used

N1RNUc 1060+01 The number of nuclides in the problem

thP 1061-01 Nuclide density of the n nuclide (atoms
per barn-cm)

1061+01 Atom Fraction of the n nuclide

1051+07 A summing variable for the al e1  in eq (65)sj-k lj

0503+06 The point x=a for use in eq (102) for a series
expansion of the Wilkins equation about the
point x=a

0808 The value of the variable x for the n
thermal group
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Name Location Meaning or Use

0813 Lower lethargy boundary for' the various thermal
group fluxes

PREVF 0503+02 A storage variable for N(x) from the previous

calculation

0816 N(x) at the peak of the N(x) vs x curve

PREFX 0809-02 Temporary storage of xN(x) from the previous
calculation. Used to find the area under the
xN(x) vs x curve

PROB 0728 The resonance escape probability

PSI 1061+02 The average logarithmic energy decrement

PSIGF 500+02 Sum of the products of the atom fraction times
the microscopic thermal absorption cross sec-
tion of fuel nuclides only

PSIGM 0500+03 Same as PSIGF except for moderator nuclides
only

PSIGO 0500+04 Same as PSIGF except for other nuclides only

PSIG9 0705+04 Sum of the products of & times average of the
scattering cross section of groups 9 and 10 for
the mixture (Average scattering cross section
in the resonance region)

PU 1045 A dead end to read through the remaining
undesired sources after the desired one has
been found

0995 Nuclide density of the resonance nuclide(s) in
atoms per barn-cm. Immediately converted to
atom fraction

RES 1060+01 A code number: Is e resonance calculation to be
performed: 0 = NO, 1 = YES

RHO 1051+01 A holding variable for the lower lethargy
C(upper E) boundary of the nth epithermal group

RIEFF 0995 A code number: Is the resonance integral to be
calculated: 0 = calculated by code, non-zero
value of resonaace integral to be used.

SA i027+(ýI First moment of tne fourier transformed flux
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Name Location Meaning or Use

SAM 1061-01 The first five alphameric characters of the
nuclide' s identification

1025+02 The summation term in eq (64). Also, with
Tj, it is used in eq (66)

SAMM 1061-01 The second five alphameric characters of the
nuclide's I. D.

0730 Recriprocal of 3 times the total nuclide
density

1023+01 The age to the Indium resonance (1.46ev)

SCAT 0601+01 The scatterirg per resonance atom

~th fo h thSIGA 1061+02 The a for the n nuclidea
thSIGATH 0851+01 The a for the mixturea

SIGDEL 0500+06 The sum of (a T A) a.f. of the mix where a.f..
is atom fraction

0th thSIGS 1061+02 The athof the n nuclide

thSIGSTH 1066+04 The a of the mixture
th th

SIGT 1066+03 T T of the n nuclide

SIGTT 0991+01 The sum of the product of the atom fraction
timer the a0t of all nuclides except fuels

T

SIC9 0705 The total elastic scatter from group 9 for the
nth nuclide. See Appendix F

SIG1O 0705+02 The same as SIG9 except the scatter is from
group 10

SOURCE 1043+01 The fraction of the source in each of the 11
epithermai groups

SR 1005 The removal cross section

SSM 1009+01 Scattering matrix for (n,n*) and elastic (PO)
cross sections. (a 12 x 13 matrix): Upper
triangle (J, K+I) for (n,n*), diagonal and
lower triang'e (LS,LE) for elastic (P0)

STR 1004+02 The multigroup transport cross section,

T si-i
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Name Location Meaning or Use

sum 0806+03 Summing variable for terms in the power series
expansion of the Wilkins equation. See eq
(100) and (102).

S2N 1009+01 Same as SSN except it is for (n,2n) and elastic

(P1) values

T 1027+02 'The group age n n' use in eq (66)

TEMPTR 1060+01 The system temperature T, in degrees Kelvin

STEP 806+02 The individual terms, a X n, in the solution to
the Wilkins equation, eq (100) and (102)

thTERMU 1061+02 (1-5) thermal of the n) nuclide

TOTWT 1027+04 A summing variable for the summation term in
eq (66)

TSIG9 705+01 The total scattering cross section from groupI 9 for the mix

TSIG1O 705+03 Same as TSIG9 except it applies to group 10

U 1065+02 Subscripted variable for the upper lethargy
(lower E) boundaries of the 11 epithermal
groups

UTIL 502 The thermal utilization
th th

VF 1061+02 The va hof the n nuclideMf

VPROB 0815 The most probable thermal neutron velocity

VBAR 854+01 The average thermal neutron velocity

X(K) 1027+03 The lethargy width of the nth group

603+01 Storage for the symbols used in the flux
spectrum printout

XBAR 810+02 The average normalized thermal neutron velocity
R

XShM 0997 Temporary storage for the cross section library

1030 Storage for the fast and thermal fluxes prior
to their output

0698 Temporary storage for the grid for spectrum
printout
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Name Location Meaning or Use

0120 This prevents computer underflow if the flux

is too low. Note log (0) = -

XTON 0806 xn-I in equation (100) or (102)

0806+01 xn in equation (100) or (102)

Y 0503+08 The value of x corresponding to lethargy U = 23

0809+02 The point x for the next Wilkins calculation:

x2 = x 1 + x1 [exp (.125-1)]

0810 The quantity (x-a) in equation no. (102)

11

117



I,
F~.1

Apnandix R

Chain One Source Deck

C THIS CARD ORIGINS THF PROGRAM AT ADDRESS 10970 IN MEMORY. IN CkDER

C TO DO THIS YOU MUST USE A SPFCIAL SET OF SHORT SUBROLITINES.
$ JOB OLD BARNYARD, CHA!N 1

*s ORIGIN 10970
C SrORING IN COMMON THOSE DATA USLO IN CHAIN 2 OR IN SUBPROGRAMS

COMMON LGP(13),KEFLX(11),U(11),SOURCE(11),DENBR,NRNUC,TEMPTR,
1XBARPfIGMRIEFFRES

DIMENSION SA(11),STR(11),SR(I1],XSAM(168),SSN(12,13),S2N(1?,13),X(
111))T(12)

C READINC IN THE FIRST TWO DATA CARDS
1001 READ 1060,LGP

PUNCHlC60,LGP
1060 FORMAT(13A5)

READ 1067,NEWNRNUCDENBRTEMPTRRES,M4
PUNCH1365

1065 FORMAT(//)
TYPEln60,LGP

C READING IN THE DECK OF SOURCES

REAC 1070,U

K=O
DO 1046 J=1910

S1043IFWK)045,1043,1045
104A3 READIO60,LGP

* READ17O, INDFXI )'URCF
1070 FORMAT(12N)

IF(INDEX-NEW)1046l0•44,1046
1044 K=1

GO TO 1046
1045 READ !(.60,PU

READPU
1046 CONTINUE

IF(NEW-n0)1050,1049,1047

C SETTING THE UNIT SOURCE IN ITS GROUP (IF APPLICABLE)
1047 SOURCE(NEW-10)=lo

LGP(10)=NEW-1O
PUNCH 1071,L9-P

1071 FORMAT(9A5,13,3A5)
GO TO 1048

C READING IN THE USERS OWN SOURCE (IF APPLICABLE)
1049 READIOOSOURCE
1050 PUNCH 1060,LGP
1048 TYPE 6(3

600 FORMAT(/16HBEGIN EPITHERMAL)
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PIJN.CH 1058,TEMiPTR
1058 FORMAIC/22HSYSTF~m TEWFERATIJRE IS 9F6ol97H KELV!N)z

PUJNCH 1059
10~59 FORMAT(/ISHATOM, FfRACTIOMSi ARF/)

C CLEARING THE MATRICES OF ANY PRLVIOUS DROBLEM
DO 1000 J=1911
STR( JI O.

1000 SR(J.9 =0.
DO 1002 J=1912
D0 1002 K=1913
SSN(JgKh=O.

1002 S2N(J*K)=0.

E1l.

C READING IN THE RESONANCE DATA CARD (!F APPLICABLE)
IF(RES) 995,994,995

995 READJJJPUqRIEFF
PU=PU/DENBR

C (IF APPLICABLE)
C READ THE F AND E FACTORS FOR HET EROGENOUS CELL CALCULATIONS
994 IF(M)500,500t501
501 RFADqFF9E

C SETTING UP THE DO LOOP FOR EACH OF THE NUCLIDES
500 PROB=1.

KKK=O
PSIGF=0e
'S IGM=0.
PSIGO=0.
SIGTT=..O
SIGDEL=.O
STGSTHz l.
DO 1020 I=19NRNUC

C READING. IN THE NUJCLIDE DATA CARDS
READ 10619 SAM9 SA,4M9 ATOM5, Pt MOD, DENS

1061 FORMAT(5X93A5,1ON)
P=P/DENBR
READ J7'61 ,SAMSAMMATOMSsLSNALQPSI ,SI3-ADLLTASIGSTERMUVFFIS
PUN( ,110669SAMqSAMM9ATOMSqP

1066 FORPAT(5X93A5,Fl5.8)

C CORRECTING THE THERMAL CROSS SECTIONS FU-R TEMPERATURE AND
C CALCULATING THE THERMAL SIGMA TOTAL FOR EACH NUCLIDE

SIGA=STGA*2o2E+(i/(i.28E+04*SQRT(TEMPTR))
DELTA=DELTA*ý'.2E+05/(1.28E+04*SQRT(TEMPTR))
SIGT=5IGA+S`IGS

c CALCUL5TING TQ'IAL THERMAL SCATTERING SIGMA
SIGSTWS IGSTH+P*SIGS

C CALCULATING THERMV- UTILIZATION AND A8SCRPTION PARAMETER
GO TO (993 ,9929996!tMOD

992 PSIGF=PSIGF+P*SIGA
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GO T.O '9 7R I91ý P5,IGO=r IGC+P*51G4ASGO TO 9SI
991~ PSIGM=PSIuM+P*SIGA
991 SIGDEL=SIGDEL..SIGT*P*DELIA

SIGTT=5 IGTT+P*Sr3T

C READI4C. IN THE WHOLE CROSS SECTION LIBRARY FOR THE NUCLIDE
997 READ 1067*(XSAM(J)9J:1,LS)
1067 FORMAT(6N)

KZ=O
KKZ=0

C CHECKING FOR ABSORPTION
IF( NA )1006, 1006, 1004

1004 D01C35 J=IqI]
KZ=KZ+l

1"5STR(J)=STR(J)+XSAM( K7)*P
Jn5SR(J):--SR(J)+XSAM(KZ)l-P

1006~ KZ=KZ+1
IN=XSAMv(KZ)
KZ=KZ-j-1

ITN=XSAM(KZ)
DO 1017 J=lvIN
KK=J+I IN

TF(KK-12) 1008, 1008, 1007
1107 KK=12
1008 DO 1017 K=JKK

GO TO (1009*1O1O91OO991011)qLQ
1009 KZ=KZ+l

C INELASTIC CROSS SECTION, GROUP TO GROUP
SSN(JK+1)=SSN(JK+1)+XSAM(KZ)*P
GO TO 1012

1010 KZ=KZ+1

c N-2N CRCASS SECTIONS, GROUP TO GROUP
SN(JK+1)=S2N(JK+1)+XSAMC(KZ')*P
GO TO 1012

1011 IF(KKZ)2001,2.)OO,2001
2000 KZ=K7+1

KKZ1l
G0T02002

2001 KZ=KZ+2

C PUTTING ELASTIC (PO) AND ELASTIC (P1) IN THE BOTTOM OF SSN AND S2N
2002 LS=13--.

LE=13-K
SSN(LSLE)=SSNCLSLEV+XSAM(KZ)*P
S2N(LSLE)=S2N(LSLE)+XSAM(KZ+1)*P/3*

101.2 STRI J)=STRCJ)+XSAM( KZ)*P
IF(K-J) 1016,1013,1016

1013 GO TO (10j7,101491017,1015),t..Q
1014 SR (j )=SR (j)-XSAM( KZ )*P

Go ") 1017
1015 STR( J)=STR(J)-XSAM( K7+1 )*P/3.

GO TO 1017
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!nib~ J,R iI=Sf? f+XSA%1(KZ) *P)
InI7 CONTINUE

GO rot 1018,1018,1019,700)91-
1018 LO=4

Go To Inn6
1 r,19 LO=,

WO TO 10:06

C READIIG THE FISSION CROSS SECTIONS USED IN CHAIN 2 INTO DUMMY STORAG
700 IF(FISM898698969ý,
699 READ 10679(XSAM(J)qJ=41951)

c READINC !N THE GRID RACKGROUND FOR THE SPECTRUM PRINTOUT
6C)8 READ 2;22q(XSAv(J)qJ=41,120)
2222 FORMATCEOAJ)

C CHECKING FOR RESONANCE CALCULATION
IF (KKK)705,7019705

7fl1 IF(RES)704,1020,704
704 KKK1l

C CALCULATING -ISI*SIGMA-.S FOR THE MIXTURE
TSIG9=Oo
TSIG1O=O.
OSIG9=0.

705 51G9=SSN(494)+SSN(4,3)+SSNC4,2)+SSN(4,1 )-TSIG9
TSIG9=SSN(494)+SSN(493)+SSNC4,2)+SSN(491)
SIGO=SSN(3,3)+SSN(392)+SSN(391)-TSIGIO
TSTC10=SSN(3,3)+SSN(392)4-SSN(3,1)
PSIG9=PSIG9+PSI*P*(51G9+SIGIO)*.5

1020 CONTINUE

C ALL CROSS SECTIC 'S HAVE BEEN CALCULATED AT THIS POINT

IF(KKK) 720,730,720
72n TYPE 611i
601 FORMAT(/15HOEGIN RESONANCE)

C CALCULATING SCATTERING PER RESONANCE ATOM (IF APPLICABLE)
SCAT=.5*(TSTG9+TSIG11 ) /PU

C SELECTING THE EMPIRICAL EQUATION FOR RESONANCE INTEGRAL
IF (RIEFF)7289721,728

721 GO TOt 722,7251,jJJJ
722 IF(SCAT-4000.)723,723,724
722 RTFFP=2.69*SCAT***471

6O TO 728
724 RIEFF:-EXPF(5.64-163./(SCAT**.65))

GO To 728
725 !IF(SCAT-45n0.)726,726,727
726 RIEFF=8.33*SCAT**.253

Gn TO 728

727 RIEFF=73.

r CALCI)LATING R5SONANCE ESCAPE PROEABILITY
772P PROR=FXPF(-PUJ*R!EFF/OSIG9)
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C ADJUSTING GROUP 9 AND 10 REMOVAL CROSS5 SECTION

SR(9)=SR(9)4.RIFFF*.1*Du)/LOGF'61.442/1.125,4)
SR(1Z0)=SR(!0)+R '9:F*.9*PLJ/LO-GF(61.442/1.1254)

STR(Q) = Sil(9) -S.SS, 94)-S)?N(494)
cTRti0)=STR(10).43SýN(3,3)-S32N(393)

C HANSENS FINITE DIFFERENCE EQUATIONS FOR EPITHER-MAL FLUJX AND AGE
730 SAM'"~l.I( 3*DENBR*DENBR)

PUNCH 1051
.11051 FORMAT(//57X,14HRELATIVE GROUJP/5HGRGjUP,?X,8HLETI-ARGY,7X,1OHE.NFRGY,

I EV98X96HSOURCE,6X*14HFLUX9 /UNIT U/)
RHO=.0
DO 1029 K=1911
LE=13-'
DENS=SAMM/(STR(K)*SR(K))
ATOMS=0.
TOTWT=0.
P=00
T(K) =O.
FLX(K)=fl.
SýA(K )=0.
IF(K-1) 1027,1027, 1025

1025 D0 1026 J=1*K-1
L.S=13--J
SAM=FL) (J)*(SSN(LSLE)+SSN(JK+1 )+2.*S2N( JK+1 1) /5R(j)
ATOMS= ATOMS-i'.SAM
TOTWT=TOTWT+SAM*T(JC

1026 P=P4S2N(LS*LE)*FgACJ)
1027 FLX(K)=ATOMS+SOURCE(K)

SACK)=FLXtK)f-DENS+P/STRCK)
TCK)=CSACK)+TOTWT)/FLX(K)
XCK)=U(K)-RHO
RHO=U(K)

1029 CONTINUE
F=SRC 10)*4.,FLX( 10)

C CALCULATING TOTAL FLUX PER GROUP
DO 1023 K=1911

1023 FLX(() =FLXCK )/SR(K)
DO ]03( K1,1lO

1030 XSAMC40-K)=F*FLX(K) /XCK)

C NOTICE THAT TOTV'. FLUX PER GROUP HAS BEEN LEFT IN STORAut i'N PLX(11)

C CALCULATING AGE TO INDIUM RESONANCE

SAMM=(T(lO)-TC9)!*0.935+T(9)

C CHECKING FOR MODERATOR IN THE SYSTEM

IFCPSIGM) 1024,108,1024
C STARTING THE THERMAL CALCULATION
1024 TYPE 602
602 FORMATC'13HSEEGIN THERM1AL)

c THE ABSORPTION PARAMETER AND (1/1-F)
UT I L =
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- - -GF)5r2 5O395O

AREAX=.eO
PRFFX=. l

PREVF=0.
I I = 0
AN2=1*
P=0.

C ARRANG-'ING( FOR INC-RFMFNTc) OF O.25 LETHARGY UNITS
ET0DLJ=FXP( .125)-I.

C Y HER~E EQUALS X. SINCE X WAS SUBSCRIPTED ABOVE
Y=EXP(-1lI.5)*SOURT(1.OE+12/(8.616*TEMPTR)l
1=0

C DOING THC SERIE! SOLUTION TO WILKINS EQUATION
ANI=AN?*DELTA*.3 33333
D SUM =Alli

80? SUM=AN2+AN1*Y
XTON=Y
AN3=0.
N=4

803 N.-N4I
XN=N-3
IF IP)8r0598049805

C THý RECURSION RELATION FOR X=O
804 AN=(2.*(XN-2.)*AN2+DELTA*AN1)/(XN*(XN+2.))

GO TO 806

C THE GENERAL RECURSION RELAT!GN
'305 AN(N-(N1)(N1-.PP-N2(*P(N2)DLA-N**(

IN-3#11 /(P*XN*( 1.-XN))
AN3=AN2

806 DTERM=YN*AN*XTON
XTON=XT DN*Y
TERM=AN* XTON
X.UM=SUM+TERM
DSUM=DTERM%'+DSUM
AN2=ANI
ANI1AN

C CHECKING FOR CONVERGENCE OF THE SERIES
IF(ABS(TERM/SU!k')-l.OE-06)807,8O7,8O3

807 IF(ABS(DTERM./DSUM)-l.OE-06)808,808,803
808 P=Y+P

C FINDING N(X) FOR TL-! POINT X=P
F=EXP(-P*P)*SUMk~*P**2

C LOCATIIG THE PEAK OF THE N(X) CURVE
IF( 11)81698149816

814 !F(F-PREVF )81598159816

C CALCULATING THE AiOST PROBABLE VELOCITY
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811, VPROB=ý5ORT(1.6477E+04*1'ENIPTR)*P

8116 PRI:VF=F

C CALCULATING FLUX PER )NI f Uj WHICH IS X*X-14(X)
F=F*P4 P

C S;TORING THE VALUES OF THERMAL FLUX
X'ýAMM=1 F

C CALCULATING THE AREA UNDER THE XN(X) CURVE BY TRAPEZOIDAL RULE
SF=F /P

ARFAX=AREAX+(F+PREFX)ftY*.5
PREFX=F
IFt 1-29)809,810,810

809 AN2=cUK.
ANI=DSOM
Y=P+P*ETODU
Y=Y-P
GO TO 802

C CALCULATING THE AIKEA UNDER THE FLUX CURVE ANALYTICALLY
810 C=2.*F*(l./(P*P)-l.)+P*P*EcXP(-P*P)*DSUM.

AREI=(ý)*C4-2.*(P*P-1.)*F/PjjDELTA

C FINDING THE AVERAGE NORMALIZED VELOCITY
XBAR=AREAX/AREA

C NORMALIZING THE 7LtJXES AND MATCHING THE THERMAL ANID EPITHERMAL
C FLUXES IF A THERMAL CALCULATION WAS PERFORMED,

F= 1.*/XSAM ( 2r.
DO 812 J=1929

*812 XSAM(J)=F*XSAM(J)
GO TO 119

108 11=30
TYPE 1028

1028 FORMAT(36HTHERE IS NO MODERATOR IN THE SYSTEM./36HN0 THERMAL CALCU

ILATION WILL BE DONE*)
109 F=O.

C 5FTTING THE MAXIMUM FLUX TO 100
DO 105 J-II939

* IF(F-XSAM(J3)106t1069l05

106 F=XSA0(J)
105 CONTINUE

DO 111 J=1I939
III XSAM(J)=XSAM(J)*1O00.,

C OUT PUTIING THE FLUXCS
D=16.5
DO 131 K=1923
IF(K-1O) 112,112,113

112 KK=40-Y
1022 PUNCH ln52,K.U(K),1.OE+07*EXP(-.LJ(K)),SOURCE(K1,XSAM((K)

CO TO 131
113 IF(0SIGM) 115,131,115
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115 P=P+.5
J=47-K-K

813 PUNCH 1052,KP,].OE+07*EXP(-P),0OXSAM(J)
131 CONTINUE
1052 FORMAT(IB3F15.2,3X,1P3E16.4)

-C OUTPUTTING THE THERMAL CONSTANTS
"•UNCH E-50,SAMM
IF(PSIGM)13098609130

130 PUNCH 851,T(10)
850 FORMAT(//5X,35HAGE TO INDIUM RESONANCE (1.46EV) ISIPE20.4,4H CM2)

851 FORMAT(/5X,36HAGE TO ARBITRARY THERMAL (1.12EV) IS* 1PE19*4t4H CM2
1)

C CALCULATING THE DIFFUSION LENGTH SQUARED AND MIGRATION AREA
SIGAMF:=PSIGM+PSIGF+PSIGO
ELSQRD=.33333*SIGSTH*XBAR/(SIGATH*(DENBR*tSIGSTH+SIGATH/XBAR);**2)
PUNCH 852,ELSORD

852 FORMAT(/5X,35HTHEKMAL DIFFUSION LENGTH SQUARED IStIPE20.494M CM2)

EMSQRD=T(10)+ELSQRD a
PUNCH 853,9MSQRD

853 FORMAT(/5X,23HTOTAL MIGRATION AREA iSlPE32.4,4H CM2)
PUNCH F54,VPROF

854 FORMAT(/5X,41HMOST PROBABLE THERMAL NEUTRON VELOCITY IS,1PE14.4,6H
1 M/SEC)

VBAR =SQRT(I.6477E+04*TEMPTR)*XBAR
PUNCH f55sVBAR

855 FORMAT(/5X.35HAVERAGE THERMAL NEUTRON VELOCITY IS,1PE20.4v6H M/SEC
1)

DIINCH 856,DELTA

856 FORMAT(/SX,23HABSORPTION PARAMETER IS,1PE32.4)

C OUTPUTTING THE RESULTS OF THE RESONANCE CALCULATION
IF(RES)859,86C,859

859 PUNCH 857tSCAT
857 FORMAT(/5X, 32HSCATTERING PER RESONANCE ATOM IS,1PE23.4,6H BARNS)

PUN((- 858,RIEFF
858 FORVAr(/5X,31HEFFECTIVE RESONANCE INTEGRAL IS,1PE24.4,6H BARNS)
86n PUNCH 861
861 FORVAT(78XtIH-)

C WARNING THE USEF TO SET SWITCH FOR SPECTRUM OUTPUT
TY0E 862

862 FORMAT(/52HPUT SWITCH 1 ON FOR SPECTRUM PRINTOUT. PRESS START.)
DAUSE

IF(SENSE SWITCH 1)3000,2999

C THE SPECTRUM PUNCHOUT SUBPROGRAM
29q9 TYPE 863
863 FORMAT(/28HNO SPECTRUM WILL BE PUNCHED.)

60 TO 1091
3000 TYPE 603
6n3 FORMAT(/14HREGIN SPECTRUM)

c STORING THE SYMBOLS FOR THE GRAPH
X(I)=IHX
X(2)=rHL
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J

X( (3) = 1HHU . PlNCH 311N
300 FORMAT(69HPLOT OF SPECTRUM, IN FLUX PER UNIT LL.THARGY VERSUS LETHA

lqV,Y F')LLOW'%//)
p UNCH 3f~l

C AOJ'JISTING '~NMMFLUX TO PREVENT COMPUTER UNDERFLOw AND
C Rc-DLCING FLUXFS TO LOG ".CALE 80 UNITS WIDE

DO 3001 J=11939
IF(XSAM(J)-4.982E-03)120,3001,3601

120 XSAN'(j)=4* 0 82E-03
3O('1 XSAM.(J)=C(LOG(XSAM( J))/2.3C259)+l.)'~20.+.5

KK=9
I=C

C ONE PASS THROUGH THE LOOP FOR EACH LINE OF OUTPUT
DO 3005 J=1I,93
IFC KK) 3011, 30149,3011

C CHECKIN~G FOR EPITHERMAL OR'THERMAL FLUXES
3011 IF( J-29) 30n9,3009,3012
3012 PU=J

P =23.2-PU/4.

c ADJUST1N"' FOR DIFFERENT WIDTH GROUPS
IF(C -U( KK) )3013,3013,3014

3nll KK=KK-1
3n!4 K=XSAN (39-KK)

C-0 To nn8
31n'9 K=XSAM(J)
3008 1=141

C NUMBERS FOR THE LETHARGY SCALE
LE=23-J/4

C CHE'CK(ING FOR VALUES Too LARGE FOR SCALE
IF(K-79) 3015,3016#3006

3o06 NJl
K=79
GO TO0 3004

C CHECKING FOR VALUES TOO SMALL FOR SCALE
3015 TF(K-3) 3019,31n7,3016
3^17 Go) To (3018,3016,3C16,3016,3018),I

3"118 N=2
K=4

GO TO 3004
3(019 IF( K-2) 3C18,3017,3017
3-',1 N1l
1104 KZ=K+3S

GO T')(3002%3On3,3O0393OO3,30Vn2)qi

C 1T) "UTTTTNC, THE ! 'ECTRUN' GRAPH

3YC?2 PUNCH 302,LE,(XSAN'(LS) ,L543,KZ),X(N),(XSAMCL-S) LS=KKiZ,120)

3'12 FC'R6'AT(12978A1)
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GO TO 3005• 3005~~~3003 OTIuPUNCH 2222• (XSAN{LS) •LS:419KZ )tX(tiN XSA~i•LS} tLS=KKI~t iZ01

3005 CONTIN4UE
PUNCH 301

301 FORMAT(/2H.1 ,17X,1H1,18X,2H10,18X,3H100,!5X,4HlOOO/)
1091 TYPE 1092
1092 FORMAT(/14HEND OF CHAIN 1//39'TO COLLAPSE CROSS SECTIONS LOAD CHA!

IN 2/)

C THIS PUNCH MAKES THE 407 LISTER ADVANCE A SHEET OF PAPER
PUNCH 861

S-C THIS PUNCH AVOIDS RUNNING OUT THE LAST PUNCHED OUTPUT CARD
PUNCH 1365
STOP
END S$ EOJ

iI
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SAppe--ixk C

- Glossary of Symbols Used in Chain Two

of The following is a list of all variable names used in chain two

of the program. Their location in the code is referenced by statement

numbers, and their meaning or use in the code at that location is

given. Some variable terms are carried over to chain two from chain

one through the use of the COMMON statement at the beginning of the

chains. - See Appendix F for a sample of the scattering matrices.

Name Location Meaning or Use

A 0054-01 A summing variable for all the group to group
elastic (P0) flux weighted cross sections

S~Po
(Ea.k for all j in the "scatter from" broadi-k

group, and all k in the "scatter to" broad
group)

1109+02 A summing variable for all the flux weighted
fine group absorption cross s-ctions in any
given broad group

ATOMS 0701 The last five alphameric characters of the
nuclides name

DENS 0701 A number indicating whether microscopic or
macroscopic cross sections are desired:
1 = micro, 2 = macro

0061 If macroscopic cross sections are desired,
this variable is set equal to the nuclide
density (atoms per barn-cm)

SM th
DELTA 0702 Thermal absorption parameter of the n nuclide.

Not used in chain two calculations

FIS 0702 A code number: Are epithermal vOf included for
this nuclide: 0 = NO, 1 = YES

"FLX 0003 The fraction of the total broad group flux that
exists in each fine group within that broad
group
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Name Location Meaning or Use

S0310 An integer number used to decrease the request-
ed number of broad groups if the flux in a
broad group is too low (done to prevent divi-
sion by near zero quanities)

0307 Index of the DO loop of SS 301-02 to SS 305.
Set equal to 12 to immediately the DO loop if
NBG is changed

1108 Index to determine if thermal broad group will
be output

0205+01 Index of outermost of four DO loops. It indem
through the epithermal broad groups. For
scatter from group n to group m it is the value
of n

IIN 1006+01 The number of groups from which scatter occurs

IRES 1115 A code number: Is this a resonance nuclide:
0 = NO, 1 = YES

J 0601+01 A subscript to determine the boundaries of the
broad groups

0002-03 An index used in normalizing the fraction of
• -the broad group flux that exists in each fine

group

1112 Index for clearing matrices

0049 Index to put the cross section library into
XSAM

1004 Index to sort the aa into their proper SA

1006+04 Index of -he outer DO loop used to load the
cross sections into the scattering matrices.
It is the j index of aj-k

1120 Index of the third of four nested DO loops.
For scatter from broad group n to broad group
m, it accounts for all fine groups in n

4040 Index of the outer DO loop for broad group
output

K 0604+03 Temporary storage for the requested number of
broad groups
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Uani TLne'tinn Meanina or" 1102

0002-01 Index of inner DO loop to account for all fineI groups in each broad group

1008 Index of the inner DO loop used to load the
cross sections into the scattering matrices.
It is the k index of Gj-k

1122 Index of the fourth of four nested DO loops.
For scatter from broad group n to broad group
m, it accounts for all fine groups in m

1109 Index of the inner DO loop for broad group out-
put. It indexes through the fine groups within
any given broad group

KK 1070+04 Both a gate and an index to identify the first
fine group with a flux less than 10-12 (if any)

1007-02 The group number of the lowest fine group, to
which scatter occurs, from a given broad group

1120+01 An index used with the variable k in SS 1122.
It assists in proper scanning of the scattering
matrices (Example: prevents scanning on or
below the diagonal for (n,n*) or (n,2n) cross
sections)

KKZ 1067+02 A gate to cause KZ to increment properly after
reading in the first elastic (PO) and (P1)
values into the scattering matrices: AKZ = 2
for elastic scatter, AKZ a 1 for all others

KZ 1067+01 A counter to sort the cross sections into the
proper matri.es

L 0205+02 Index of the second of four nested DO loops.
For scatter from group n to group m, it is the
value of m

LE 2002+01 Index used to convert the k index of a_ for
elastic (P0) and (P1) cross sections. tese
cross sections are read into the lower half of
SSN and S2N

LGP 0604+01 A subscripted variable for the numbers of the
fine groups that form the boundaries of the
broad groups

LQ 0702 A code number: indicates type of inelastic
scatter. I = (n,n*), 2 = (n,2n), 3 = both,
4 = neither
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Name Location Meaning or Use

LS 0702 The total number of entries in the nuclide
cross section library starting with the second
library card (does not include epithermal Vcf
of fission nuclides)

2002 Index used to convert the j index of oi-k for
elastic (PM) and (P1) cross sections. These
crrss sections are read into the lower half of
the SSN and S2N matrices

M 1112-02 An address variable to cause the program to
branch to the proper statement number after
clearing the matrices. It is a statement num-
ber that can be varied. Used with GO TO M
statements

MOD 0701 Is nuclide moderator, fuel, or other? Not used
in chain 2 however it must be read in so that
correct number is read into DENS

MXL 0604+04 The number of broad groups requested plus one.
This allows for output of thermal group values

N 0004+01 Index of a DO loop (SS 0004+01 to SS 0055) used
to read through all nuclides of the mixture

NA 0702 A code number: Is epithermal absorption appre-
ciable: 0 = NO, 1 = YES

NBG 0604+01 The total number of broad groups for chain 2
output

NRNUC 0004+01 The total number of nuclides in the mixture.
COMMON from chain 1

P 0701 Nuclide denr•ity in atoms per barn-cm

PSI 0702 The average logarithmic energy decrement t. Not
used in chain 2

R 0054 A summing variable for the group to group elas-
tic (Pi) flux weighted cross sections. See use
of A in SS 0054-01

RES 0704 A code indicating whether or not a resonance
calculation was performed in chain 1. If yes
(RES = 1) the resonance absorption will be in-
cluded in calculating the absorption cross
sections of the resonance nuclide. COMMON from
chain 1
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Name Location Meaning or Use

RIEFF 0700 The effective resonance integral of the reso-

nance nuclide(s). COMMON from chain 1

SA 1005 Microscopic epithermal absorpti,kn cross section

SAM 0003-01 The sum of all fine group fluxes in a given
broad group

0701 The first five alphameric characters of the
nuclide name

1122+01 A summing variable for group to group (n,n*)
flux weighted cross sections. See the use of
A in SS 0054-01

0315 Dummy storage for th e,-,id background cards

SAMM 0701 The second five alphameric characters of the
nuclide name

1122+02 A summing variable for group to group (n,2P)
flux weighted cross sections. See the use of
A in SS 0054-01

1109+01 A summing variable for the broad group flux

weighted vaf

SIGA 0702 Microscopic thermal absorption cross section

SIGS 0702 Microscopic thermal scattering cross section

SIGTR 0314+02 Thermal transport cross section: [(l-U)Oa+0a]*
DENS

SOURCE 0004 The fraction of the total source in each broad
group

SR 0901 The broad group flux weighted removal cross
section. The absorption contribution is added
in SS 0045-01

SSN 1009+01 Scattering matrix (12 x 13) for (n,n*) and
elastic (P0) cross sections. Upper triangle
(J, k+l) is for (n,n*). Diagonal and lower
triangle (LS, LE) is for elastic (PO)

STR 0054+02 The broad group flux weighted common transport
cross section. The absorption contribution is
added in SS 0045
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Name Location Meaning or Use

S2N 1010+02 Scattering matrix (12 x 13) for (n,2n) and
elastic (P1) cross sections. Upper triangle
(J, k+l) is for (n,2n). Diagonal and lower
triangle is for elastic (P1)

TERMU 0702 Thermal (1-P) of the nth nuclide

TT 0054+01 A summing variable for the flux weighted group
to group total transfer cross sections. See
the use of A in SS 0054-01

th
VF 0702 Thermal v•o of the n nuclide
XBAR 1130 The average normalized thermal neutron velocity

3. COMMON from chain 1
XSAM 0049 Temporary storage for the entries of the

nuclide cross section library

I
I
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ADpendix D

Chain Two Squroe Dec k

C THIS IS PART 2 OF OLLO BARNYAR(). CROSS SECTIONI COLLAPS114G
s ~JOB OLD E3ARNvAtRD CHAIN 2

s ORGIN 10970

C NOTICE COMMON STATEMENT IS SAME AS IN CHAIN I
COMMON LGP(13),9(E.FLX(11),U(il)sSUURCE(11),DENB~,NRNUCTEIPTRXl3AR

DIMENSION SA(IUS9TR(1flSRil1) ;XSA-M(200),SSN(12,13),S2N(12913),
IVSF( 11)
TyPE 604

6n4 FORMAT(/16HBFGIN COLLAPSING)

C READING 1'j NUMBER OF BROAD 6ROUPS AND THEIR EOUNDARY FINE GROUPS
READ ,107CNBG, (LGP( J) ,J=2iN8G+l)

1070 FORMAT(12N)

C CHECK FOR ZERO FLUX AND REVISE THE G3ROUP STRUCTURE IF NECESSARY
K=NBG
MXL=N3G+l

LGP(NBG+?) =12
KK0O
DO 30ý J=1)LGP(NBG+1)
IF(KK)301.'301 '305

'101 IF(FLXfj)-l.oE-12 )3039305s305
303 KK=J

DO 305 I=29KK
IF(J-(LGP(!l+lfl 3109310,305

310) NBG=I-l
307 1=12
305 CONTINUE

IF(KK)30830a.309
309 TYPE 1100,KKvNBG
1100 FORM4AT(/37HFLUX APPROXIMATELY ZERO IN FINE GROUP913,2X,27HT0 PREVE

INT DIVISION BY ZER09/39HWHEN' FLUX WEIGHTING CROSS SECTIONS ONLY,1
23,2X,28HEPITHERMAL BROAD GROUPS WILL,/,71HBE OUTPUT. THE FOLLOWING
31FINE GROUP BOUNDARIES WILL BE USED ACCORDING TO,/*14HSENSE SWITCH
41)
TYPE liC1,(LGPfJ)qJ=29K+1) ,12
1YPE 11A2#(LGP(J),J=2,N6G+1)q12

1101 FORM1AT(2HON%3Xs12I 3)
1102 FORMAT(3HOFF,2X,12113)

T' PE 1103
1103 FORAAT(30HWHERE 12 IS THE THERMAL GP-OUD.,/,3LHSET SENSE SWITCH 1,P

IPESS START.)
PA USE

lF(SENcE SWITCH 1)11'7591106
1106 LGP(NEG+2)=12

K=NBG

PSIGM-CJ.
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1105 LGP(K+2)=12
MXL=K+1

308 LGP(1)=o
IFPSIG,',) 1107, 1108, 1107

1108 1=0
TYPE 1909

*1909 FORM:AT(44HTH;:RF WILL PF No THERMAL BROAD GROUP OUTPUT*)
GO TO 1110

110- 1=1
1110 PUNCH 1111 ,MXL-1+I NB,NR+I (LGP(J) ,J=2,K+2)

* TYPE llll1,I-XL-l1-'iNBG-li (LGP(J),J=2,K+2)
1111 FORMAT(35HTrIF TOTAL NUMBER OF 6ROAD GROUPS IS913t/9l8HOUTPIJT WILL

IBE FOR,13,2XI2HBROAD GROUPS,/,28HTHE BOUNDARY FiNF. GROUPS ARE,12
213,/t3OHWHERE 1? IS THE THERMAL GROUP.)

C NORMALIZING THE FINE GROUP FLUXES IN EACH BROAD GROUP AND
c ADDING UP THE SOURCE IN EACH BROAD GROUP

DO 2 J=1,NIG
SA( J):O.G()1LPJI
DO 2 K=LG()1LPJl

2 SA( J) =SA( J)+FLX (K)
DO 4 J=1,NBG
SAM= 0.
DO 3 K=LGP(J)4-1,LGP(J+l)
3;AM=SAM+SOIJRCE (K)

3 F'LXCK)=FLX(K)/SA(J)
4 SOURCE(J)=SA!Mi

C ONE TRIP THROUGH THE DO LOOP FOR EACH NUCLIDE
* DO 55 N=1,NRNUC

C CLEARING THE &'ATRICES ANID LETTiNG S0mE TERM'S TO ZERO FOR LATER USE
ASSIGN' 7n4 TO M
IRES=0

1112 DO 1002 J=1912
DO 1002 K=1913
SSN( JK) =0.

1002 52NCJK)=0.
1113 DO 1000 J1,11l

STR (j) =0.
SR(CJ) =0.
SA!J)=O.

1000 VSF(J)=0.
1114 A=0.

SAMsM=0,
SAM=O.
R=O.
TT=O.
GO TO

C READING IN THE NUCLIDE DATA CARDS
704 !F(RES) 1115,701,1115
701 READ 1C61qSAmiSA¶MATOMSP9M0DDENS

GO TO 702
1115 READ l1U61 ,SAMSAMMATOMSPMODtDENS, IRES
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1 (61 FOR%,.T(5Xs3A5*l0N)
70? RFAI) 1061 SAMý,SAMMiATOMSL5,NALOP5I ,SIGADELTASIGSTE-R'.IU,VFFIS

PUNCH 200,SAMSAM?.1,ATO-M-SP
200 F.)R-'.ATC//'1HrUCLILýE IS ,3A')9//25h ITS NUMBER DE~NSITY ISIPEI1.4

C CHECKING FOR M~ICRO OR YACROSCODIC CR-355 SECTIONS
IF(DENS-lo)61962;6]

61 DENq=D
PUJNCH 2n2

202 FORIMAT(46HIMACROSQOPIC CROSS _CTIOt'S, IN PER CM¶, FOLLOW.)

GO TO 49
62 PUNCH 2ý1
201 FORMAT(45HIAICROSC-OPIC CROSS SECTIONS, IN BARNS, FOLLOW.)

C READING 'N THE WHOLE CR~OSS SECTION L18RA-RY FuR THE NUCLIDE

40 READ 11067,(xSAm(j),tJ=ILS)
1067 FORVA7(6N)

KZ=O
KKZ=0

C CHECKING FOR ABSORDTION
IF(NA) 1006,1006,1004

1004 DO 1005 J=1911
KZ=KZ-'

1'nnS SA(j)=SA(J)+XSAM(KZ)*'-LX(J)*DENS
IF( IRES)700,10069700

r 700 SA(9)=SA(9)+( RIEFF/LOGFC61.442/1.1254) )*.1*FLX(9!*DENS)
SA(10)=SA(lG)~-((RIEFF/LOGF(61.442/1.i254) )*.9*FLX(10)*DENS)

1006 KZ=KZ+l
IN=XSAM( KZ)
KZ=KZ+l
!IN=XSAM(KZ)
DO 1017 J=19iN
KK=J+IIN
IF( KK-12 )1008, 1008w 1007

1007 KK=12
1008 DO 1017 K=J*KK

30 TO ("009,1010,1009,1011),LQ

&100q KZ=KZ+1

c INFLASTIC CROSS SECTIONGROUP TO GROUP
SSNCJK+1)=SSN(JtK+1)+XSAM(KZ)
GO To 1017

1010 KZ=KZ+l

C N-2N CROSS SECTIONS, GROUP TO GROUP
S2N(JK+1)=S2N(JKý-1)+XSA.M(KZ)
Go TO 1017

1011 TF(KKZ) 2001 920O092O01
2000 KZ=KZ+1

KKZ1l
GO TO 2002

2001 KZ=KZ+2

C PUTTING ELASTIC (PO) AND ELASTIC (P1) IN THE BOTTOM OF SSN AND S2N

2002 LS=13-J
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LE=13-K
- SSN(-LSLE-)-SSN(LStLE)+X-SAM-(KZ) ______-

1017 CONTINUE
GO TO (10189101891019t1020),LO

1018 L0=4
GO TO 1006

1019 L0=2
GO TO 1006

1020 PUNCH 205
205 FORMAT(//7HSCATTER,34X,7HELASTIC,6X,7HELASTIC,7X,5HTOTAL/8HFROM T

13,6X,9HINELASTIC,7X,4HN-2N,9X,4H(PO) ,9X,4H(P1) ,6X,8HTRANSFER/)

C OUTPUTTING GROUPTO GROUP VALUES __

DO 53 I=1,NBG
DO 53 L=IMXL
ASSIGN 1120 TO M
GO TO 1114

1120 DO 54 J=LGP(I)+1,LGP(I+1)

11K-)-lll229*1122 -

1121 KK=J
1122 DO 54 K=KKgLGP(L+1)

SAM=SAM+SSN( JK+1 )*FLX( J)*DENS
SAMM=SAMM+S2N(JK+1 )*FLX(J)*DENS
LS= 13-J
LE=13-K
A=A+SSN( LSPLE) *FLX( J)*DENS

54 R=R+S2N(LStLE)*FLXCJ)*DENS
TT=TT+SAM+2o*SMM.
STR( I )STR I )+SAM+SAMM+A-R

* ~IF( 1-L)90099019O00

GO TO 53
900 SR( I)=SR(I )+SAM~+SAMM+A
53 PUNCH 1039IL9SAMSAMMA9R#TT

C THERMAL GROUP TO GROUP VALUES _____

SIGSzSIGS*DENS
IF (PSIGM )56, 903 ,56

56 PUNCH 103,MXLMXL,0.,0.,SIGS,(1.-TERMU)*SIGSSIGS
103 FORMAT(139B5,F13-5)

C CALCULATING AND CJTPUTTING BROAD GROUP VALUES
903 PUNCH 220
220 FORMAT( //5HGROUP,5X,5HSIGTR,9X,4HSIGR,99X4HSIGA,5X,6HNUSIGF,6X,

16HSOURCE)
421 IF(FIS)4040,4040,4041
4041 READ 10679(VSF(I)gI=1,11)
4040 DO 46 J=1.NBG

ASSIGN 1109 TO M
* GO TO 1114

1109 DO 45 K=LGP(J)+1,LGP(J+1)
SAMM=SAMM+ VSF(CK) *FLX CK)
A=A+SA(K)
SR CJ) SR(CJ )+SA (K ______ _______

45 STR(J)=STR(J)+SAkIk
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46 UC 102,JSTR(J) ,SR(JI ,ADENSSA,-i,'iSoUi<CL(j)

OUTUTIN THERMAL 3'ROAD) GROU10 VALUES

I F* PSIG%1 3134 ,31 5,314
34Vr=(VF/XRAR)*DENS

SI6Az(SIGA/XPARi *DlrN5
SIGTR=( SIGS*TERMU+SIGA)
PUNCH 1029,MXLsSIGTRSIGAtSIGA9VF

102 FORMAT(14,5F 12.5)

C READING AND IGNORING THE GRID BACKGROUND CARD IN EACH LIBRARY D)ECK
315 READ 10619SAM
55 CONTINUE

IF( PS 1GM )1130, 103931130
1130 PUNCH 111,XLAR
111 FORMM~(//48HMAXWELL-BOLTd'MAN FACTOR ) .1289 AVERAGE X 9 N)
1093 TYPE 1063

1063 F)RvATC/j5HCND OF P,2OGRAM./)
PUNCH 1065

1065 FORMAIC//iX)
STOP
END
EOJ
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Appendix E

List of Neutron Source Deck

.5 Is 1.5 2. 2.5 3. 5. 8. 12. 16. 17.
ThE SOURCE USE-D IS U235 FISSION (CRANBERG SPECTRUM).
2 9023023 .10824 e21044 .23139 .18048 .11483 .12439 .0072094 .0 .0 .0
THE SOURCE USED IS U233 FISSION,
3 .0214951 o10472 e20811 .23202 .18252 .11674 .1267 s0073845 .0 .0 .0
THE SOURCE: USED IS PU239 FISSION.
4 .024567 .11047 .21062 .22996 o17917 .11412 .1239 .0071986 .0 .0 .0
THE SOURCE USED 1S PU241 FISSION.
5 .026852 .11615 .215 e22949 .11077 .1190 .0068574 .0 .0 .0
THE SOURCE USED IS CF252 FISSION.
6 .046142 .14786 92292 e21936 .15472 e09531 .099137 .00515827 .0 90 .0
THE SOURCE USED IS P0-RE (WHITMORE-BAKER)o
7 o7342 .357 .261 1.1025 .036 .0085 .0 .0 .0 .0 .0
THE SOURCE USED IS P0-BE (COCHRANE-HENRY)o
8 .257 a369 .2514 .079 9028 .010 .0 .0 .0 .0 s0
THE SOURCE USED IS RA-BE (HILL).
9 o239 o365 .189 a.109 .065 o033 .0 .o .0 .0 .0
THE SOURCE U-ED IS YOUR OWN AS SHOWN BELOW.
10. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
THE SOURCE USED 1.5 A UNIT SOURCE IN4 GROUP N4o.
1)0.0 .0.0 of .0sf .0 .00 .0 .0 .0 .0
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Appendix F

Inelastic and 6lastic (Po) Scattering Matrix

SK-11 I a '1 7 3 1 t o I U
in i n in in i n in in in in in i

a.O in in q in S in 1- n-in inin sin - -il

PO P o in in a in in in 177inini
toif-11 so-li 3Z -3 3-&/ 3-S 2-6 13-7 3-? 13-11 3-o I-si 3-11

PO Po PC, PO i 1) fl 17 Ai0 in7 i ns i n inl in
---

sPO P&o a PC PO P6 i n in in in in in in
1-il. 7-11 7-10, 9-4 7- # 7-16 -,ý 6-7 16-1? 6s-1 4-1o 6-11 v-'%pO Po Po Po Po Pm in in in in in in

67-/Z 6-11 4-v 6-41- 14-7 7- Z. £7 -1 7-017- 7~-/* 7-1/ 112.

PO PO PorPO PO Po PO Pol inl in in in in

5-12 -11 S.-10 S- 1 9-1 - 5-7 5-s 7-7 1-1 it-/* 71-11 ri-12

"; •" -•-- - --O - - -- $ - .1 1-1 1-1

Po Po p& P opo pb po. pni, in In in. in

- - - I"r t-q-7"€1 -1 9

+= -:+- -,Pa P° Pc° Pc° P° P° po P6 +o : o ]. :

to ,o PO P& PO P; po pa Pa Po 7 in in in
3-2 , 3-"ti 3-10 3-1 3•9 3-7 3-5 3-s" 3-"q 3-2 '1O-Ic /-I"'lb-IL

Op PO Io f& Pa PO PO Po pO Po Pzýo in i _n
-12 2-11 2-i0 Z92- 2-2 f- 7 •-5' Z-V ?-3 2-2II-II-1
-o •PO P o F0 Po POIO PO PWO 0 Pa PO Po

if i I-I I-iD i-O0 I- '-8 I-7 I-6 I-f/ _ . i- I-I

PO
where ln-n is the locatiozi Df the inelastic (P0)
scattering cross section from group m to group n
in the matrix.

Pi&uurE 191 Inelastic and .&lastic (Po) Scattering Matrix
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